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Dear Lori:

Enclosed are ten (10) copies of CH2M HILL'’s final report on Phases 1, 2 and 3 of the
Periphyton-Based Stormwater Treatment Area (PSTA) research and demonstration project.
In addition, one unbound “original” is provided to facilitate the District’s production of
additional copies if needed for wider distribution to other staff or interested parties.

As agreed through prior communications, two CDs have been inserted at the back of each
copy of the report. The first CD provides the appendices for this report in PDF format. The
second CD contains PDFs of all major PSTA project deliverables submitted to the District
over the course of the project from 1999 to 2002.

In light of the high level of interagency interest in PSTAs as a potential advanced treatment
technology that could support Everglades Restoration, copies of the final report are being
sent to the following interested parties:

e Frank Nearhoof, Taufiqal Aziz, Dianne Crigger, and Inger Hansen (Florida Department
of Environmental Protection)

¢ Nick Aumen and Mike Zimmerman (Department of the Interior, National Park Service)
¢ Bob Kadlec (DOI consultant)
e Bill Walker (DOI consultant)

e Kim Taplin, Bill Neimes, Ed Brown, and Peter Besrutschko (U.S. Army Corps of
Engineers)

o Kevin Palmer (U.S. Fish & Wildlife Service)
e Susan Teel (U.S. Environmental Protection Agency)

These courtesy copies will be shipped regular mail for delivery by next week.
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Ms. Lori Wenkert
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April 3,2003

This document represents the culmination of five years of precedent-setting PSTA
investigations. As detailed in the acknowledgements section of the enclosed report, the
success of the project has been the result of an open, collaborative process that included
multiple phases of field research, objective reporting, rigorous peer review, and subsequent
refinement of the investigations. On behalf of the entire CH2M HILL team, I would like to
take this opportunity to personally thank you individually, all other District participants
collectively, and the many other agency representatives for the cumulative constructive
comments and support during the course of these investigations.

We truly hope that the project’s findings to date will serve not as the ending punctuation for
the PSTA story, but merely the end of a chapter. The District and other parties will
determine the future course of the South Florida PSTA research and demonstration
program. As always, should any questions arise regarding the enclosures or any aspect of
the project, please feel free to call Ellen Patterson or me.

Sincerely,

CH2M HILL

Steven W. Gong
Project Manager
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Bob Knight/WSI
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Executive Summary

Introduction

From 1998 to 2003 the South Florida Water Management District
(District) conducted research focused on determining the effec-
tiveness and design criteria of potential advanced treatment tech-
nologies to support reduction of phosphorus (P) loads in surface
waters entering the remaining Everglades (SFWMD, 2000).
Particular focus was placed on the treatment of surface waters
from the Everglades Agricultural Area (EAA) as well as Lake
Okeechobee water that is diverted through the primary canal
system to the Lower East Coast of Florida.

Periphyton-based stormwater treatment areas (PSTAs) were one
of the Advanced Treatment Technologies (ATTs) being considered
by the District for potential application downstream of the macro-
phyte-based stormwater treatment areas (STAs). The PSTA con-
cept was proposed for P removal from EAA waters by Doren and
Jones (1996). Evaluations remain focused on PSTAs as post-STA
treatment units intended to help achieve compliance with the
ultimate total phosphorus (TP) criterion of 10 parts per billion

(ppb).

In concept, the periphyton complex is hypothesized as being
capable of extracting available P in the water introduced into the
system and incorporation of that P into the biomass of the peri-
phyton mat. Settling of detrital matter contributes to the long-term
P storage. Additionally, because of the high primary productivity
of these periphyton systems, water quality conditions favor P
precipitation and binding into the newly formed sediments. The
result is a water outflow with much of the available P scavenged
and retained in the system biomass and sediments. These concepts
are depicted in Exhibit ES-1.

Prior to initiation of the District’s PSTA project in July 1998,
detailed research to evaluate PSTA feasibility had not been per-
formed. The key study objectives, therefore, were to research and
demonstrate (to the extent possible within the contract period)
PSTA viability, effectiveness, and sustainability at several scales of

application. The following specific questions were to be
addressed:

e Viability: Can periphyton-dominated ecosystems for P control
be established?

e Effectiveness: Can P removal and retention be achieved?

DFB31003696445.00C/030140072 ES-1
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Inflow with high
phosphorus
concentration
i Outflow with low
phosphorus
cancantratlon
Substrate
EXHIBIT ES-1

Schematic Diagram of the Periphyton Stormwater Treatment Area (PSTA) Concept

e Sustainability: Can PSTA viability and effectiveness be maintained for long-
term periods?

Viability was assessed by documenting how long it took for the development of
periphyton-dominated plant communities in the constructed PSTAs, and
whether they could be maintained for reasonable periods of time. Effectiveness
as a water quality treatment approach was evaluated based on the ability of the
PSTA test systems to achieve low TP outflow concentrations. The TP removal
rate constant, a metric for phosphorus removal efficiency, was quantified for the
various PSTA research platforms tested during the study. Because sustainability
issues would not be fully addressable within the anticipated 3-year study
period, this question was evaluated through development and application of a
performance forecast model based on the empirical data generated by the field
studies.

A two-phased approach was originally adopted to investigate the PSTA con-
cept: an Experimental Phase (Phase 1), and a Validation/Optimization Phase
(Phase 2). The project approach was later modified to include Phase 3, which
included a demonstration of PSTA viability, effectiveness, and sustainability at a
larger field scale. The types of activities that were included in each project phase
are described as follows:

e Phase 1 (Experimental Phase) included development of the work plan and
experimental design, initial research in three experimental Test Cells (PSTA
Test Cells) located at the southern end of the Everglades Nutrient Removal
Project (ENRP) (see Exhibit ES-2 and SFWMD [2000] for location of sites),
and construction and startup/monitoring of research using 24 portable
experimental mesocosms (Porta-PSTAs). The Phase 1 experimental studies
provided critically needed information for addressing basic issues associated
with PSTA viability and treatment performance effectiveness. Development
of a preliminary forecast model and preliminary model calibration were also
completed in Phase 1.
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EXHIBIT ES-2
Locations of District PSTA Research Sites

e Phase 2 (Validation/Optimization Phase) included continuing research in
the STA-1W PSTA Test Cells and in the Porta-PSTAs, and design and
observations during the District’s construction of the field-scale demon-
stration PSTAs immediately west of STA-2. During Phase 2, the expanded
PSTA operational database was used to further refine and calibrate the
performance forecast model, and develop design criteria for a full-scale
PSTA system. The forecast model was applied to support projections of the
long-term cost of implementing PSTAs to meet ultimate P reduction goals
under the Everglades Forever Act (EFA).

e Phase 3 (Demonstration Phase) included operation and monitoring of four
5-acre Field-Scale PSTA cells located immediately west of STA-2. This dem-
onstration was used to help develop necessary design and construction
information related to various methods and efficacy of substrate preparation
(limerock fill, scrape-down , and existing peat-based soils), effects of cell
configuration and flow velocity, and effects of groundwater exchanges.

In the aggregate, the PSTA Research and Demonstration Project was designed to
develop defensible conclusions related to specific hypotheses that are relevant to
key research questions and design issues described in the PSTA Research Plan
(CH2M HILL, 1999). This final report provides a summary of the Phase 1, 2, and
3 findings.
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Research Plan and Mesocosm
Overview

Exhibit ES-3 summarizes the treatments used for Phases 1, 2, and 3 of the PSTA
Research and Demonstration Project. A more detailed description of the three
research platforms is provided below.

Porta-PSTA Mesocosms

Twenty-four Porta-PSTA (PP) mesocosm units were fabricated of fiberglass
offsite and delivered to the South STA-1W (former ENRP) Supplemental
Technology Research Compound (STRC). Twenty-two of the fiberglass tanks
were 6 m long by 1 m wide by 1 m deep. The remaining two tanks were 3 m
wide to allow assessment of mesocosm configuration effects. Exhibit ES-4 shows
the layout of typical 1- and 3-m-wide mesocosms in relation to the constant-
head tank and inlet manifolds.

Porta-PSTA treatments focused on the following primary design variables:
e Substrate type: organic soils (peat) or calcareous material (shellrock)

e Water depth

e Hydraulic loading rate (HLR)

Substrate and water depth were replicated in a complete factorial design, while
hydraulic loading was varied only on the shellrock substrate. All Porta-PSTA
treatments were planted with an initial low density of emergent macrophytes
(Eleocharis).

In addition to these primary treatment variables, these PSTA mesocosms were
also used to test the effects of:

e Scale (I x 6 meter vs. 3 x 6 meter)

e Macrophytes - Eleocharis cellulosa planted to help provide 3-dimensional
structure and periphyton mat stability

e Sand substrate (relatively inert with respect to oxygen demand and
TP content)

e Limerock substrate similar to material used by other researchers (for
example, submerged aquatic vegetation [SAV] channel studies by DB
Environmental Laboratories (DBEL) 2001b)

¢ Unvegetated controls with Aquashade (aquatic dye) to reduce periphyton
growth

o Effects of higher flow velocities simulated by internal re-circulation

ES-4 DFB31003696445.D0C/030140072
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EXHIBIT ES-3
PSTA Design Criteria and Experimental Treatments
Target Target
PSTA Area Substrate =~ Wtr Depth Target HLR Depth:Width Other

Treatment Phase Cells (m?) Type (cm) (cm/d) Ratio Considerations
Porta-PSTA Mesocosms
PP-1 1 9,11,18 6 Peat 60 6 0.6 macrophytes
PP-2 1 4,7,8 6 Shellrock 60 6 0.6 macrophytes
PP-3 1,2 12,14,17 6 Peat 30 6 0.3 macrophytes
PP-4 1,2 3,510 6 Shellrock 30 6 0.3 macrophytes
PP-5 1 2,13, 16 6 Shellrock 60 12 0.6 macrophytes
PP-6 1 1,6,15 6 Shellrock 0-60 0-12 0-0.6 macrophytes
PP-7 1,2 19 6 Sand 30 6 0.3 macrophytes
PP-8 1 20 6 Sand 60 6 0.6 macrophytes
PP-9 1 21 6 Peat 60 6 0.6 Aquashade; no

macrophytes
PP-10 1 22 6 Shellrock 60 6 0.6 Aquashade; no

Macrophytes
PP-11 1,2 23 18 Shellrock 30 6 0.1 macrophytes
PP-12 1,2 24 18 Peat 30 6 0.1 macrophytes
PP-13 2 9,11,18 6 peat (Ca) 30 6 0.3 macrophytes
PP-14 2 4,7,8 6 Limerock 30 6 0.3 macrophytes
PP-15 2 2,13, 16 6 Shellrock 30 6 0.3 macrophytes;

recirculation
PP-16 2 1,6,15 6 Shellrock 0-30 0-6 0-0.3 macrophytes
PP-17 2 20 6 sand (HCI) 30 6 0.3 macrophytes
PP-18 2 21 6 None 30 6 0.3 no macrophytes
PP-19 2 22 6 Aquamat 30 6 0.3 no macrophytes
Test Cell PSTAs
STC-1 1 13 2,240 Peat 60 6 0.02 macrophytes
STC-2 1 8 2,240 Shellrock 60 6 0.02 macrophytes
STC-3 1 3 2,240 shellrock 0-60 0-12 0-0.02 macrophytes
STC-4 2 13 2,240 peat (Ca) 30 6 0.01 macrophytes
STC-5 2 8 2,240 shellrock 30 6 0.01 macrophytes
STC-6 2 13 2,240 shellrock 0-30 0-12 0-0.01 macrophytes
Field-Scale PSTAs
FSC-1 3 1 20,790 Limerock/Peat 0-60 0-12 0.005 macrophytes
FSC-2 3 2 20,790 Limerock/Peat 0-60 0-12 0.014 macrophytes
FSC-3 3 3 20,790 Caprock 0-60 0-12 0.005 macrophytes
FSC-4 3 4 20,790 Peat 0-60 0-12 0.005 macrophytes
Notes:

PP = Porta-PSTA
STC = South Test Cell
FSC = Field-Scale Cell

DFB31003696445.D0C/030140072 ES-5
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EXHIBIT ES-4

Porta-PSTA Tank 23 (Treatment PP-11) After 11 Months of Colonization

This 6 x 3 meter tank has shellrock soils and was operated at a 30-cm water depth.
Floating periphyton mats are visible among the sparse emergent macrophytes. Narrow
tanks can be seen in the background as well as the raised constant Head Tank used to
feed all mesocosms at this site.

South STA-1W Test Cells

The South STA-1W Test Cells (STCs) consisted of 15 rectangular, 0.2-hectare (ha)
cells receiving flows from a single Head Cell. Water pumped into the Head Cell
from STA-1W Cell 3 flowed by gravity through a distribution manifold into
each of the Test Cells. The District assigned three STA-1W Test Cells to the
PSTA Research and Demonstration Project. During final construction, substrate
within these PSTA Test Cells was modified by the District by placing the
following layers of substrate over the cell liner:

e STC-1 (Test Cell 13) - approximately 80 centimeters (cm) of sand surcharge
plus 30 cm of locally mined shellrock plus 30 cm of peat taken from a local
unflooded former agricultural lands area

e STC-2 (Test Cell 8) - approximately 1 meter (m) of sand surcharge plus
30 cm of locally mined shellrock

e STC-3 (Test Cell 3) - approximately 1 m of sand surcharge plus 30 cm of
locally mined shellrock

Exhibit ES-5 shows PSTA Test Cell 8 (PSTA Treatment STC-2), with shellrock
substrate after nearly 1 year of colonization. Test Cell PSTA treatments
addressed the following primary design variables:

ES-6 DFB31003696445.D0C/030140072
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e Substrate type organic soils (peat) or calcareous material (shellrock)
e Variable depth and HLR

No replication was possible for this scale of field investigation. All three Test
Cells were planted with Eleocharis.

EXHIBIT ES-5

PSTA Test Cell 8 (Treatment STC-2) After Approximately 12 Months of Colonization
This photo is looking upstream from the outfall standpipes toward the inflow at the far end
of the cell. Monitoring walkways are located at 1/3 and 2/3 points along the flow path.

Field-Scale Cells

Four field-scale pilot PSTA cells were constructed during the end of Phase 2 at a
site immediately west of STA-2, Cell 3 (see Exhibit ES-6). These four field-scale
cells (FSCs) were each approximately 20,000 m2 (5 ac). Three of the cells were
rectangular at 61 m wide by 317 m long (200 by 1,040 ft); the fourth cell was
sinuous and had a length of 951 m (3,120 ft) and a width of 21 m (70 ft). Cells 1
and 2 had approximately 60 cm (24 in) of compacted limerock placed over the
native peat soils. The native peat soils were excavated and removed from Cell 3
to expose the underlying caprock. The floor of Cell 4 consisted of native, onsite
peat soils with no amendments or other pre-treatments. The Field-Scale PSTAs
were developed to provide specific information regarding construction issues as
well as to demonstrate whether system viability and phosphorus removal
effectiveness seen in the smaller-scale systems could be matched or improved
upon. Substrate effects and the influence of surface and groundwater interaction
on apparent treatment performance at this PSTA scale were assessed during
Phase 3 monitoring. Additionally, water velocity effects on treatment effective-
ness were partially quantified through these investigations.

DFB31003696445.D0C/030140072 ES-7
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EXHIBIT ES-6
Field-Scale Pilot PSTA Research Site West of STA-2

Field-Scale PSTA Demonstration Site West of STA-2 (left side of photo). The inflow
canal is at the top of the photo (south side) and the outflow canal is near the bottom of
the photo (north). FSC-1 is on the left side of the photo adjacent to the STA-2 seepage
canal. FSC-4 is on the right (west side). FSC-2 has two internal longitudinal berms that
create sinuous flow. There are separation canals between FSC-2 and FSC-3 and
between FSC-3 and FSC-4.

PSTA XKey Findings

Key findings regarding PSTA viability, treatment effectiveness, and apparent
sustainability based on the Phase 1 through 3 results are highlighted as follows.

PSTA Viability

Some of the periphyton communities that were established within the PSTA test
systems attained biomass levels and replicated normal periphyton algal species
assemblages typical of low-P Everglades waters (Browder et al., 1994) within

1 year of startup. These experimental PSTA plant communities displayed
community-level responses (gross primary productivity [GPP] and community
respiration [CR]) in response to environmental forcing functions such as sun-
light and antecedent soil conditions that are similar to natural Everglades plant
communities (DWC, 1995; Browder et al., 1994).

More than 370 algal taxa were identified in periphyton samples collected from
the PSTA test systems. Filamentous green algae were seen at the front end of the
PSTA cells in areas of elevated dissolved reactive PP (DRP), while filamentous
blue-greens and diatoms dominated floating and benthic periphyton mats
throughout the majority of the test systems. Initial colonization was typically by
diatom species followed by gradual succession to filamentous blue-greens.

ES-8 DFB31003696445.D0C/030140072
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PSTA periphyton communities were similar to those found in natural
Everglades areas with low to moderate TP concentrations.

Ash-free dry weight (AFDW) biomass increased to sustainable levels (typically
between 100 and 1,000 grams per square meter [g/m?] in all test systems) within
4 to 5 months of startup. Chlorophyll a (corrected for phaeophytin) and algal
biovolume continued to increase throughout a 2-year period (with the exception
of peat-based systems invaded by emergent macrophytes), indicating that a
mature periphyton community is slower to establish. Average chlorophyll a
concentrations were between 30 and 250 milligrams per square meter (mg/m?).

Eleocharis cellulosa (spikerush) and Utricularia spp. (bladderwort) were purposely
added to most of the PSTA mesocosms. Natural Everglades periphyton-domi-
nated plant communities include these macrophytes, and it was decided to
include them in the test mesocosms because they provide periphyton attach-
ment sites and stability against wind-induced periphyton mobility. Typha
latifolia (cattail), Hydrilla verticillata (hydrilla), and Chara spp. (stonewort)
invaded the PSTA mesocosms, with greatest invasion rates in mesocosms with
peat soils. Macrophyte biomass estimates indicated that the peat soil mesocosms
were overwhelmed by macrophyte growth (see Exhibit ES-7), dominating visual
plant cover estimates. By the end of nearly 2 years of colonization, macrophyte
cover dominance reduced the periphyton community importance in peat-based
mesocosms. PSTA mesocosms with shellrock, sand, and limerock soils
maintained high periphyton biomass and relatively sparse macrophyte plant
communities throughout the research program. Some form of macrophyte
management will likely be required for PSTAs built on any substrate type.

EXHIBIT ES-7

Porta-PSTA Treatment PP-12 (Tank 24) Showing Dense Colonization by Spikerush
Average live stem count in this tank was approximately 322 stems/m2 by the end of
Phase 2. Periphyton biomass and algal cell counts were reduced with high
macrophyte cover.
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Treatment Effectiveness

Based on the conditions selected for this research, these PSTA mesocosms
attained average TP outflow concentrations as low as 11 to 15 micrograms per
liter (ug/L). These average concentrations were considerably lower than the
long-term average outflow TP concentration from STA-1W of 22 pg/L (Walker,
1999) and were comparable to STA-1W Cell 4 averages during a 2-year period
with optimal performance (13 to 15 pg/L) DBEL, 2001b).

Lower average TP concentrations have been observed in natural periphyton-
dominated communities in Water Conservation Area 2A (McCormick et al.,
1996), in the southern Everglades, and in outflow from experimental mesocosms
built with limerock substrates (DBEL, 1999). The minimum TP values recorded
during the PSTA project were clearly related to internal P loading from ante-
cedent soils. Shellrock, limerock, and sand soils released less available P than
peat soils. It is not currently known if these minimum outflow TP concentrations
will continue to decline with increasing system maturity and eventual complete
burial of antecedent soils.

The first-order TP removal rate constant (ki) values recorded in this research are
comparable to or higher than values recorded for emergent macrophyte and
SAV-dominated treatment wetlands in South Florida. Long-term average PSTA
k; values ranged from -3 to 27 meters per year (m/yr), depending on specific
treatment variables. Walker (1999) determined that the overall STA-1W k; value
was approximately 15.5 m/yr for the period from March 1995 through
November 1998. The ki value for Cell 3 of the STA-1W was probably most com-
parable because of similar inflow water quality conditions as the PSTA research
sites. This cell averaged ki=9.5 m/yr during this operational period. Cell 4 of the
STA-1W was dominated by SAV and averaged ki=17.3 m/yr during this same
period. Continuing research with the PSTAs needs to be conducted to validate
and refine the TP performance estimates obtained during the project operational
period.

Inflow Phosphorus Concentrations

Inlet P concentrations were variable throughout the project period. While mean
TP concentrations were similar at the three research sites (23 ug/L at the Test
Cells, 25 ng/L at the Porta-PSTAs, and 27 pg/L at the Field-Scale site), TP con-
centration ranges were variable between all sites. These differences in TP
concentrations were largely attributable to complex seasonal variations in the
fractions of total dissolved P (TDP) and total particulate P (TPP) in the various
water supplies. On the average, TDP comprised 52 and 62 percent of TP at the
Test Cells and Porta-PSTAs, respectively. On average, TDP made up only

38 percent of the TP at the Field-Scale site, and TPP was the dominant fraction at
approximately 61 percent. DRP was typically between 3 and 10 pg/L, while
dissolved organic P (DOP) averaged between 7 and 14 ng/L in the inflow
waters.
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Phosphorus Removal Performance

Exhibit ES-8 summarizes the TP concentrations and estimated model parameters
(k-C* model of Kadlec and Knight [1996] where k is the estimated first-order
removal rate constant and C* is the estimated lowest attainable concentration)
for each treatment during the optimal (post-startup) period-of-record. Values for
k; are also summarized in Exhibit ES-8 and offer a normalized comparison
between treatments.

P removal rate constants in constantly loaded shellrock mesocosms were
generally consistent throughout the 3'2-year project. An initial startup period
was evident in the data during the first 3 to 5 months of system operation,
followed by apparent seasonal patterns (Exhibit ES-9). TP removal declined in
some of the peat-based systems during the second and third years of operation.

The following general conclusions concerning P removal effectiveness were
drawn from these PSTA research data:

e Estimated values for C¥, the effective background TP concentration resulting
from internal and external loadings and removals, ranged from 6 to 16 pg/L.

e Estimated TP k; values ranged from 1.6 to 27 m/yr.

e The lowest post-startup, treatment average TP outflow concentration was
11 pg/L, and lowest treatment monthly average was 7 ng/L.

o Tracer tests using inert tracers (lithium and bromide) were used to quantify
PSTA hydraulics. Tanks-in-series estimates were measured between 1.1 and
25. Plug-flow conditions that typically result in higher P removal rates were
enhanced by plant community development and higher cell length:width
ratios.

e There were no consistent significant effects of water depth (30- vs. 60-cm
steady depth) on outflow TP concentration, but TP removal rate was slightly
higher at the shallower depth.

e Variable-water depths resulted in reduced TP removal performance com-
pared to stable water depths.

e Outflow TP concentrations were lower and k; values higher in mesocosms
with calcium-rich substrates than in comparable mesocosms with peat soils
(see Exhibit ES-10).

¢ Higher loading rates (hydraulic and TP mass) increased k; and average
outflow TP concentration.

e Aslight effect of mesocosm scale was observed that indicated that smaller
mesocosms underestimated outflow TP values and overestimated k; values.

e In Aquashade control mesocosms, average outflow TP concentrations were
higher, but k; values were not consistently higher or lower than vegetated
treatments indicating the complexity of macrophyte and periphyton P cyc-
ling from soils and water.
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EXHIBIT ES-10
Effects of Soil Type on Average TP Outflow Concentration and k1 During the Post-startup Optimal
Performance Period

Treatment Water Depth Soil TP Out (pg/L) k1 (mlyr)
PP-1 60 cm Peat 14 10.6
PP-2 Shellrock 13 11.7
PP-8 Sand 16 6.4
PP-3 30cm Peat 17 12.7
PP-4 Shellrock 15 16.8
PP-7 Sand 15 15.3
STC-1/4 30 to 60 cm Peat 18 5.0
STC-2/5 Shellrock 12 10.5
FSC-1 30 cm Limerock 18 7.5
FSC-2 30 cm Caprock 16 11.7
FSC-3 30 cm Peat 32 -3.4

Note: Each group of treatments is nominally identical except for soil type.

Phosphorus Dynamics and Fate

The PSTA research offered a variety of “clues” to the processes that are impor-
tant in P retention in periphyton-dominated treatment units. While this research
focused on the overall input-output of TP, specific processes that were studied
include: the fate of P in the mesocosm soils, observed non-reactive P forms,
gross P accretion rates, and the effects of snail grazing on P dynamics.

Soils represented the largest single P storage in the PSTA mesocosms. The
reactivity of P in antecedent soils greatly affected the startup performance of a
PSTA (as well as other “natural” technologies, such as emergent macrophyte
and SAV-dominated STAs). The PSTA research observed a declining concen-
tration of TP in peat soils during the first few months of flooding. Inorganic
dissolved reactive forms of P were released initially from these soils. In addition,
subsequent tests indicated that P continued to be released from these soils,
probably through macrophyte “pumping” of nutrients through their roots and
by oxidation of soils in the relatively aerobic algal-dominated environments. P
was also released from shellrock and sand soils, but at a much lower rate.

Leakage studies in the unlined Field-Scale PSTAs indicated that there is
significant potential for loss of surface waters and associated TP to the shallow
groundwater. Groundwater losses were found to be greatest on undisturbed
peat soils and less on limerock-covered soils and when all soils are removed to
expose the underlying limestone caprock. TP concentrations in groundwater
were comparable to PSTA outflow concentrations, indicating water quality
improvement compared to inflow TP concentrations.
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PSTA Sustainability

PSTA sustainability and construction-related issues were addressed through the
District’s Supplemental Technology Standards of Comparison (STSOC) metho-
dology and the simulation results of the PSTA Forecast Model. The STSOC
evaluation was based on the data and modeling analyses from Phases 1 and 2 of
the project. The STSOC comparison of technologies required the use of the best
available data related to P removal performance, flexible engineering and
operational components to attain maximum P removal levels, and development
of costs associated with the conceptual engineering design. The possible
environmental effects of each technology in terms of disposal of by-products
and effects on downstream waters were also addressed.

Data from selected treatments (optimal design variations including Phase 1 and
2 shellrock and peat soils) were used to design and calibrate a PSTA Forecast
Model. The model was developed to allow prediction of long-term behavior and
performance of a PSTA, with full recognition of the substantive levels of
uncertainty associated when applying the model to predict system performance
at scales beyond those for which actual performance data exist. Further, use of
the model to estimate design features in some cases required extrapolations
beyond the range of data for which real values existed. PSTA modeling pro-
jections remain the best available way of evaluating likely design features, but
are preliminary at best. It is recommended that data from the PSTA Field-Scale
project eventually be used for validation of the PSTA Forecast Model developed
during Phases 1 and 2.

The model results provided crucial information needed to support the STSOC
analysis, which in turn was needed to allow comparison of PSTA feasibility to
that of the other ATTs. The calibrated PSTA Forecast Model was used to simu-
late treatment performance for a 10-year period-of-record (POR), using a syn-
thetic dataset of TP concentrations and flows from STA-2 (post-STA) provided
by the District. These datasets were used in all ATT STSOC evaluations to
standardize the analyses. The resultant ATT designs and planning level costs are
not envisioned as leading to technology implementation scenarios, but rather to
be used to compare the relative merits of the subject treatment technologies.

PSTA Footprint

PSTAs are a relatively low-management but land-intensive treatment option
that depends on environmental energy inputs from the sun and the atmosphere.
The primary energy input is solar radiation. Because the PSTA is a solar-
powered system, it must have a large areal extent to grow enough periphyton
and other plants to capture very low TP concentrations through biological
uptake and to sequester that TP in the form of calcium- and carbon-bound
accreted sediments. No harvesting of biomass or sediments is envisioned for this
process, so TP must be effectively stored within the PSTA footprint to achieve a
useful project life (e.g., in excess of 50 years). The mass action rule (first order
process) indicates that the area required to accomplish this low TP outflow
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concentration is vastly greater than the area needed to achieve higher outflow
concentrations.

Actual inflow TP concentrations to the PSTA research cells were typically well
below 50 ng/L and averaged less than half that value. For this reason, PSTA
performance modeling included runs with flow-weighted mean inflow concen-
trations between 25 and 50 pg/L.

Six specific scenarios were tested with the PSTA Forecast Model:

¢ Flow-weighted mean outflow TP of 12 pg/L with 0, 10, and 20 percent
inflow bypass

¢ Flow-weighted mean outflow TP of 20 pg/L with 0, 10, and 20 percent
inflow bypass

The benefits of constructing an upstream flow equalization basin (FEB) for
possibly reducing the PSTA footprint were investigated by use of the PSTA
Forecast Model. Water depths in the FEB were limited to 4.5 feet. Model runs
determined that addition of flow equalization did not significantly reduce the
overall footprint (FEB+PSTA) needed to achieve the target TP goals down-
stream. For this reason, the PSTA conceptual design did not include flow
equalization.

Exhibit ES-11 summarizes the estimated PSTA footprint areas needed for each of
the six post-STA-2 discharge scenarios. These estimated areas ranged from 2,026
to 6,198 hectares (5,006 to 15,316 acres). Assumptions related to the correct
number of tanks-in-series (TIS) to assume in PSTA design may lower these esti-
mated footprints by up to 50 percent. Model estimates of PSTA areas, flows, and
water depths were used to develop the cost estimates for full-scale PSTA
construction and operation.

EXHIBIT ES-11
Estimated PSTA Areas Based on Alternate Post-STA Average Inflow TP Concentrations
Area Needed In Acres

Flow Wt Avg. Flow Wt Avg.
TP Inflow (ug/L) TP Outflow Percent Bypass
0 10 20
Range
25 5,391 4,581 4,069
30 7,414 6,346 5,635
40 11,410 9,855 8,766
50 15,316 13,241 11,791
20 ug/L
25 1,109 885 790
30 2,214 1,842 1,637
40 4,423 3,741 3,321
50 6,603 5,639 5,006
Note:

Results are based on the PSTA forecast model. Parameters for the optimum
performance period. Post STA-2 10-Year Simulation.
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Additional modeling was conducted to evaluate the effect of reducing the
assumed inflow TP concentration on the resulting estimated PSTA footprint
area. Inflow concentrations were reduced in the post-STA-2 dataset, and the
PSTA Forecast Model was simulated for the various target outflow TP concen-
trations and bypass scenarios. For example, lowering the input TP from 50 to
25 png/L lowered the estimated PSTA area from approximately 2,670 to 450 hec-
tares (6,600 to 1,100 acres) for an outflow goal of 20 pg/L and 0 percent bypass,
and from approximately 6,200 to 2,180 hectares (15,300 to 5,400 acres) for an
outflow goal of 12 ng/L and 0 percent bypass. This analysis highlights the
importance of using the best possible input water quality and flow estimates
and modeling techniques during final design of a PSTA.

One additional sensitivity analysis was conducted with the PSTA Forecast
Model. Full-scale PSTA areas needed to achieve 20 and 12 pg/L with 0 percent
bypass were estimated based on effects of deep percolation losses of water with
associated TP (no recycle). The effects of average leakance between 0 (base case)
and 0.6 centimeters per day (cm/d) were estimated with the PSTA Forecast
Model. The estimated PSTA footprint area needed to reduce flow-weighted TP
from 50 to 20 pg/L was reduced from approximately 2,670 to 2,226 hectares
(6,600 to 5,500 acres) and from 6,200 to 4,371 hectares (15,300 to 10,800 acres) for
agoal of 12 pg/L.

PSTA Conceptual Design

Exhibit ES-12 provides a plan and profile view of a conceptual post-STA-2 PSTA
needed to meet the expectations required by the STSOC analysis. This concep-
tual design included:

e An inflow canal

e Multiple gated inlet weirs for each treatment cell to convey water from the
inlet canal into the PSTA cells

e Three parallel PSTA treatment cells with inlet and outlet deep zones
(approximately 1 m) for flow distribution and collection

e A bypass pumping station
e A bypass structure with weir
e A bypass canal to convey bypasses around the PSTA

e Double-barreled culverts with gates to convey water from the treatment cells
to the outflow canal

¢ An outflow canal
e An outflow pump station
e A seepage control canal

e A seepage pump station
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EXHIBIT ES-12
Plan View and Cross Section of Conceptual Full-Scale PSTA System
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No inflow pumping station was incorporated into the conceptual design based
upon the assumption that the outflow pumping station from STA-2 would be
utilized to provide inflow to the PSTA treatment system. No periphyton or
macrophyte planting is envisioned for the full-scale PSTA cells. Development of
calcareous periphyton and sparse emergent macrophyte cover will be encour-
aged through water depth management.

The nature of the onsite soils has a significant impact on PSTA performance. If
existing soils have low available (water soluble) P levels (< 2 mg/kg), then
minimal P leaching from the soil should occur and no soil amendment is neces-
sary. However, if existing soils are higher in available P, then leaching of P is
probable, and the site must be modified either by adding limerock over the
surface of the entire PSTA or by removing the existing soils down to the under-
lying caprock. Another potential, intermediate option is the use of soil amend-
ments to lock available P in the soils to prevent its release. A soil amendment
study conducted during Phase 3 work indicated that aluminum and iron-based
chemical amendments were more effective than a calcium-based amendment.
However, none of the amendments tested completely controlled P release from
peat soils at that site. Only removing the native peat soils and exposing the
caprock or covering the peat soil with limerock were found to be effective within
the design of the Field-Scale PSTA demonstration project. For the STSOC analysis,
a worst-case scenario requiring application of a 2-foot-thick cap of limerock
(compacted to approximately 1 foot) placed over the onsite soils was evaluated.

Cost Estimates

Cost estimates were developed using a unit cost spreadsheet provided by the
District. The estimated range of total capital costs associated with achieving a TP
level of 20 pg/L is approximately $321,886,000 to $408,515,000. With a target
finished water TP level of 12 ng/L, this cost range increases to approximately
$663,698,000 to $843,799,000 (see Exhibit ES-13).

EXHIBIT ES-13
Costs for Full-Scale PSTA Implementation Including 2 Feet of Limerock Fill

Cost 12 ug/L, No 12 pg/L, 10% 12 pg/L, 20% | 20 ug/L, No 20 pg/L, 10% 20 ug/L, 20%
Component by-pass by-pass by-pass by-pass by-pass by-pass
Capital Costs ~ $843,798,569 $737,832,446 $663,697,737 $408,514,840 $357,406,344 $321,886,004
Operating $1,581,898 $1,483,448 $1,417,593 $1,367,755 $1,292,178 $1,255,048
Costs

Demolition/ $20,691,746 $16,867,324 $15,739,170 $20,935,504 $16,971,599 $14,797,671
Replacement
Costs

Salvage ($73,210,339)  ($63,342,812)  ($56,483,392) | ($32,050,978)  ($27,407,667)  ($24,378,828)
Costs
Lump Sum/ $764,320 $814,320 $814,320 $764,320 $814,320 $814,320
Contingency
ltems

The detailed analysis of operation and maintenance (O&M) costs for the PSTA is
also provided. Estimated annual costs range from approximately $1,418,000 to
$1,582,000 for a system with an outflow TP of 12 pg/L and from approximately
$1,255,000 to $1,368,000 for a system with an outflow TP of 20 pg/L. These O&M
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costs are expected to include any costs associated with management of emergent
macrophytes.

Present worth costs were calculated for a 50-year period based on an interest
rate of 4 percent. Exhibit ES-14 provides a summary of the 50-year present
worth costs for the PSTA alternatives described above. These costs range from
$361,033,000 to $888,945,000. These costs are equivalent to unit costs of $0.17 to
$0.35 per thousand gallons treated and $699 to $1,096 per pound of TP removed.

EXHIBIT ES-14
Present Worth Costs for PSTA Conceptual Design Scenarios

Without STA2 Costs With STA2 Costs

$/1,000 $/1,000
50-Year Present $/lb. TP gallons 50-Year Present $/LB TP gallons
Target Bypass Worth Cost removed treated Worth Cost removed treated

12 ppb 0 $888,945,000 $1,076 $0.35 $1,051,748,000 $1,273 $0.41
10 $778,477,000 $1,078 $0.34 $941,279,000 $1,303 $0.41
20 $702,764,000 $1,096 $0.35 $865,566,000 $1,350 $0.43
20 ppb 0 $455,092,000 $699 $0.18 $617,894,000 $949 $0.24
10 $399,099,000 $705 $0.17 $561,901,000 $992 $0.25
20 $361,033,000 $718 $0.18 $523,835,000 $1,042 $0.26

The limerock placement comprises approximately 80 to 90 percent of the PSTA
construction cost. Total present worth costs would be reduced by approximately
60 to 70 percent if PSTA performance could be assured without the limerock fill
and, to a lesser extent, if the amount of limerock fill could be reduced. Based on
research conducted from 1998 to 2002, it appears that the limerock would not be
necessary if antecedent soils have low available TP concentrations or if an effec-
tive chemical soil amendment could be used to tie up existing soluble TP in the
soil column. Preliminary estimates of the cost of a hydrated lime soil amend-
ment for soils in the vicinity of STA-2 is approximately $1,300 per acre (as
opposed to the $31,000 per acre assumed for 2 feet of limerock fill). An approxi-
mate cost estimate was also prepared assuming a lime soil amendment. This
assumption reduces the estimated present worth costs for a full-scale PSTA to
$173,000,000 for the 20 ng/L TP goal and $234,000,000 for the 12 ug/L goal.
Because of the major cost impact of this limerock fill, additional work to
minimize the costs associated with initial labile TP concentrations should be
undertaken prior to final PSTA alternative analysis and design.

Implementation Schedule

The startup period for PSTA was assessed in a total of 31 individual research
cells (3 Test Cells, 24 Porta-PSTAs, and 4 FSCs). While there was some varia-
bility between treatments, the typical time from commencement of inflows to
stable performance was from 3 to 6 months. The optimal seasons for startup
were spring and summer. It is likely that startup through the fall and winter
months would require a longer stabilization period.
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The time needed for implementation of a full-scale PSTA depends on the treat-
ment alternative selected, the site selection and acquisition process, preliminary
and final engineering and design completion, bidding and contractor selection,
construction completion, and startup. The time required for each of these com-
ponents was estimated based on observations from prior District projects, such
as the implementation of STA-3/4, the largest of the existing STAs. Based on a
hypothetical start date of January 1, 1999 (established by the District in the
STSOC guidelines), the estimated time required for final completion and
compliance with water quality standards is December 2004 (72 months).

Feasibility and Functionality of Full-Scale Design

In some ways, PSTA is the least developed of the supplemental technologies.
Significant research on design and performance of PSTAs has only been
underway for approximately 3%z years. No full-scale PSTA systems have been
designed, constructed, or operated nor are any of the existing PSTA systems
operated to meet specific outflow discharge permit requirements. For these
reasons, the feasibility, costs, and reliability of full-scale PSTA implementation
should be evaluated cautiously. On the other hand, large-scale, periphyton-
dominated areas have been providing water with a low TP concentration for
decades. The southern area of WCA 2A is dominated by a mixture of calcareous
periphyton and sawgrass plant communities. This area has produced a long-
term average TP concentration of approximately 14.3 pg/L (arithmetic average)
or 10.5 pg/L (geometric mean) (Kadlec, 1999). Further downstream in WCA-2A,
annual average TP concentrations range between 5 and 12 ug/L. Payne et al.
(2001) reported the median annual TP geometric mean as 8.5 ug/L at the refer-
ence stations located in WCA-2A. Wet prairie and slough areas of WCA-1 had a
median geometric mean TP concentration of approximately 9.1 ng/L (Payne et
al., 2001). Areas of the Everglades National Park are also dominated by calcar-
eous periphyton plant communities and have low ambient concentrations of TP.
It is important to note that none of these existing full-scale systems were
specifically designed to optimize TP removal and, therefore, their greater or
lesser performance in relation to an engineered PSTA is not known.

Additional Research Issues Important for Final Design

There are many potential research issues that could provide additional certainty
prior to full-scale PSTA design and implementation. These items have been
previously summarized as part of ongoing ATT team meetings. Critical research
topics related to PSTA implementation include:

e Response of the PSTA periphyton and sparse macrophyte plant
communities to a range of inlet TP concentrations (especially more than
30 pg/L) and flow rates

¢ Management issues related to maintaining periphyton dominance over
emergent and submerged aquatic macrophytes

e Investigation of additional soil pre-treatment options on P removal
effectiveness and on periphyton community dynamics at a larger scale

o Effects/benefits of placing multiple PSTA cells in series
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e Benefits/liabilities of high current water velocities and winds on PSTAs

o Effects of long-term soil accretion on PSTA performance and engineering
design

Additional information related to some of these topics will continue to be gather-
ed from the District’s Field-Scale PSTA Demonstration Project currently under-
way. A plan was previously developed to use the District's STA 1-W Test Cells to
quantify the effects of cells-in-series, pulsed inlet loading, and combination of
PSTA with other natural wetland treatment technologies (emergent and
submerged macrophytes) and could still be implemented. Use of the PSTA
portable mesocosms might be the best research platform to test alternative
management techniques and soil amendments.

Summary of PSTA Results

Engineered PSTAs have only been studied during a 3%2-year research and
demonstration period and only at relatively small scales (PSTA cells with areas
ranging from 6 to 20,000 m?). Assessment of the cost and reliability of full-scale
PSTAs intended to treat very large volumes of stormwater runoff is based on
this existing database, model simulations, and cost and construction assump-
tions described in this report. These estimates of system design and performance
are subject to considerable uncertainty until additional information is gathered
and analyzed. Thus, while the information generated during this study period
has dramatically increased our understanding of the viability, effectiveness, and
sustainability of PSTAs, and these data have supported the preliminary STSOC
analysis, it is premature to conclude that sufficient information is in hand to
support detailed PSTA design and technology application full scale.

Results to date for performance of PSTAs for post-STA TP load reduction are
promising. TP mass reduction rates depend on TP load and are as high as or
higher than removal rates of other natural wetland-based technologies. In addi-
tion, PSTAs offer the potential to achieve lower TP outflow concentrations than
either emergent macrophyte STAs or wetlands dominated by SAV and have the
ability to recover relatively quickly following drought. They are not subject to
fire or significant impairment from hurricanes or other foreseeable natural disas-
ters. They are not likely to create an ecological imbalance in adjacent aquatic
environments.

PSTAs do have limitations for full-scale application for TP load reduction. Land
area requirements estimated by the conceptual design analysis are large, requir-
ing many thousands of acres to meet low TP concentration targets downstream
from the existing STAs. Area estimates for PSTAs are subject to the uncertainty
described above, and additional research on effects of pulsing, cells-in-series
design, and antecedent soil conditions on TP removal performance is sorely
needed.

In addition to their relatively large footprint, PSTAs will require an undeter-
mined amount of plant management and/ or alteration of pre-existing soil
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conditions. Placement of relatively inert soils to cover agricultural lands with
high antecedent concentrations of available P may not be practical on a large
scale. However, it is clear from the existing research that, at least during the
early operational phase, relatively small amounts of available soil P will offset P
removal potential of any of the natural wetland treatment technologies near
background TP concentrations. An additional effect of these elevated soil TP
levels for PSTA is their apparent stimulatory effect on colonization and growth
of emergent macrophytes that may out-compete the desired calcareous periphy-
ton plant communities. While we have not yet identified how to optimize PSTA
design and operations on peat substrates, the reality is that this is the system
that prevails in the natural Everglades. Further research on peat-based PSTAs is
strongly recommended in spite of the early results obtained to date.

Because there are few potential tools available to the regulator who wishes to
achieve very low TP standards and Everglades protection, it is prudent to con-
tinue to refine knowledge of PSTA design and the potential of PSTAs for TP
control. Their best use might be in conjunction with other “pre-treatment” tech-
nologies, such as emergent macrophyte STAs or SAV wetlands. Whether as
stand-alone or integrated treatment units, PSTAs offer the potential to help
achieve the environmental goals in the Everglades of South Florida.

Issues for Further Investigation

While the results of this 5-year study have addressed many of the questions
initially posed about PSTA viability, effectiveness, and sustainability, much
remains to be learned regarding operational optimization and potential full-
scale applications. Some of the key issues that warrant further investigation
include the following;:

e Factors that affect plant community establishment and management

e Available options and effects of soil amendments and effects of antecedent
soil P on C*rp

e Benefits of placing PSTA cells in series
e PSTA performance as a function of high inlet TP concentrations and loads
e PSTA performance under highly variable hydraulic loads

Continued operation of the PSTA Test Cells and the FSCs is planned by the
District, and the opportunity exists to address some of these issues during the
study continuation. Study of these issues, further detailed in Section 5, would
increase the current ability to address sustainability concerns, and refine how to
apply the cumulative PSTA knowledgebase toward future system design and
operations.
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SECTION 1

Project Background

1.1 Introduction

In support of the overall Everglades restoration program, the
South Florida Water Management District (District) conducted
research focused on potential advanced treatment technologies
to support reduction of phosphorus (P) loads in surface waters
entering the remaining Everglades. Periphyton-based storm-
water treatment areas (PSTAs) were one of the advanced treat-
ment technologies investigated by the District for potential
application downstream of the macrophyte-based stormwater-
treatment areas (STAs).

The PSTA concept was proposed for P removal from
Everglades Agricultural Area (EAA) waters by Doren and
Jones (1996) and further described and evaluated by Kadlec
(1996a,b) and Kadlec and Walker (1996). Evaluations focused
on PSTAs as post-STA treatment units intended to help achieve
compliance with a target total phosphorus (TP) concentration
that may be as low as 10 parts per billion (ppb). PSTAs are
intended to emulate the nutrient uptake functions observed in
oligotrophic Everglades periphyton-dominated marsh habitats.
Prior to initiation of the District’s PSTA project in July 1998,
research to evaluate treatment performance issues and the
long-term viability of the PSTA approach to P reduction in
EAA surface waters had not been performed.

In concept, the periphyton complex is hypothesized to be
capable of extracting available P in the water introduced into
the system, followed by incorporation of that P into periphyton
biomass and accreted organic soils. Additionally, because of
the relatively high primary productivity of these periphyton
systems, water quality conditions favor chemical P precipita-
tion and additional accretion into the newly formed sediments.
The desired result of the PSTA technology is a water outflow
with much of the available P scavenged and retained in the
system. These concepts are depicted in Exhibit 1-1.

With the guidance of internal and external experts (van der
Valk and Crumpton, 1997; Goforth, 1997a and 1997b;
Nearhoof and Aziz, 1997, SFWMD, 1997), the District
developed a scope of services for the PSTA project in 1998.
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Inflow with high
phosphorus
concentration
i Outflow with low
phosphorus
cancantratlon
Substrate
EXHIBIT 1-1

Schematic Diagram of the Periphyton Stormwater Treatment Area (PSTA) Concept

Originally, a two-phased approach was adopted. The two phases included the
following activities:

e Phase 1 (Experimental Phase) included development of the work plan and
experimental design, initial research in three experimental test cells (PSTA
Test Cells) located at the southern end of the Everglades Nutrient Removal
Project (ENRP) (see SFWMD, 2000 for location of sites), and construction and
startup/monitoring of research using 24 portable experimental mesocosms
(Porta-PSTAs). The Phase 1 experimental studies yielded critical information
needed to plan for field-scale mesocosm (PSTA Field-Scale Cells [FSCs])
design and construction in Phase 2. Development of a forecast model and
associated predictive tools was initiated in Phase 1, along with preliminary
model calibration with the Phase 1 experimental data.

e Phase 2 (Validation/Optimization Phase) included continued research in
the ENRP PSTA Test Cells and in the Porta-PSTAs, and design/construction
of the PSTA FSCs. During Phase 2, the expanded database was used to
validate the performance forecast model, and to develop the design criteria
for a full-scale PSTA system through the District-mandated Standards of
Comparison (PEER Consultants/Brown and Caldwell, 1996; 1999). The
PSTA Forecast Model has been applied to provide projections of the long-
term cost of implementing PSTAs to meet ultimate P reduction goals under
the Everglades Forever Act (EFA).

As a slight revision to this original plan and because of the prolonged con-
struction schedule for the PSTA FSCs, a third phase of the PSTA Research and
Demonstration Project was initiated to test the PSTA concept at a larger scale:

¢ Phase 3 (Demonstration Phase) included operation of four PSTA FSCs
located to the west of STA-2. This phase developed information related to
larger-scale construction costs, operational issues related to unlined cells and
groundwater exchanges, and effects of higher water velocities and wind on
PSTA development and performance. Phase 3 operation was scheduled to
continue through December 2002. However, because of contractual
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schedules, this final report provides a synthesis of operational data for the
study period ending September 30, 2002.

This document is the final summary report of PSTA Research and Demon-
stration Project Phases 1, 2, and 3 (February 1999-September 2002). In that it
represents the culmination of the District’'s PSTA studies to date, this document
includes information previously summarized in the Phase 1 and 2 final report
(CH2M HILL, 2002), as well as the data generated during Phase 3. This section
provides background information on periphyton ecology and relevant phos-
phorus treatment performance data generated by other studies and provides an
overview of the program’s experimental design. Additionally, data regarding
some of the key physical measures recorded during the study period are
summarized for reference.

The Phase 3 information was integrated into the report sections presented at the
end of Phase 2, including the following;:

e Section 2 - Community Development and Viability

e Section 3 - Phosphorus Removal Performance and Effectiveness

e Section 4 - Forecast Model, Conceptual Design, and Sustainability
e Section 5 - Remaining PSTA Research Issues

e Section 6 - Works Cited

The following appendices are provided on the enclosed CD:

e Appendix A - Field Methods and Operational Summary: Methods
Summary/Standard Operating Procedures/Key Date Summary/Quality
Assurance Data

e Appendix B - Detailed Meteorological Data

e Appendix C - Test Cell Detailed Data: Data Summary, Trend Charts, and
Diel Study

e Appendix D - Porta-PSTA Detailed Data: Data Summary, Trend Charts, Diel
Study, and Batch-Mode Study

e Appendix E - Field-Scale Detailed Data: Data Summary and Trend Charts
e Appendix F - Periphyton Taxonomic and Abundance Data Analysis

e Appendix G - Hydraulic Tracer Test Data

e Appendix H - Statistical Analyses

e Appendix I - Field-Scale Soil Amendment Study: Literature Review and
Study Plan, and Detailed Data Summaries

e Appendix ] - Post STA-2 Cost Estimates

e Appendix K - Reviewer Comments
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1.2 Overview of Periphyton Ecology
and Other Studies of TP Removal by
Periphyton

1.2.1 Periphyton Ecology

Periphyton (also referred to as aufwuchs and including benthic algae) are a
complex assemblage of attached-growth algae, fungi, bacteria, and invertebrates
that grow in response to sunlight in shallow aquatic environments (Vymazal,
1995). Everglades periphyton can be operationally sub-divided into the follow-
ing groups (McCormick et al., 1998): floating mats, epiphyton (growing on plant
surfaces), metaphyton (growing in the water column and not attached to sur-
faces), and benthic mats or epipelon (growing in contact with the sediments)
(see Exhibit 1-2). Tychoplankton are free-floating algae derived from the peri-
phyton. These tychoplanktonic algae as well as some filamentous metaphyton
forms are most likely to be exported in outflows from the PSTA to downstream
waters.

Everglades periphyton have also been classified according to environmental
conditions (Browder et al., 1994). Water chemistry and hydroperiod are impor-
tant factors that affect the taxonomic composition and biomass of these peri-
phyton. Short hydroperiod, low TP concentrations (<20 micrograms per liter
[ug/L]), high calcium saturation (hard water, calcium >50 milligrams per liter
[mg/L]), and high pH (6.9 to 7.5) lead to calcareous periphyton dominance.
Long hydroperiod and low calcium saturation (soft water, calcium <5 mg/L)
and low pH [5 to 7]) result in desmid-rich periphyton assemblages. P concen-
tration is another important environmental variable that affects periphyton
species occurrence. Low P results in dominance by blue-green algae while
higher P results in dominance by filamentous green species. Intermediate peri-
phyton communities with mixtures of species characteristic of both extremes are
found along all of these environmental gradients.

In addition to their influence on P concentrations, algal-dominated systems are
known to alter other chemical aspects of water quality. Of particular relevance is
the effect of primary productivity on pH and dissolved oxygen (DO) conditions.
Relatively wide variations of these parameters are typical of Everglades slough
environments (Duke Wetland Center, 1995; Vymazal and Richardson, 1995;
McCormick et al., 1997).

Periphyton initially colonize surfaces of submerged macrophytes and other
natural debris, such as woody vegetation, organic and mineral soils, rocks, and
plant litter. Some of the periphyton may float or drift from their initial at-
tachment sites and become free-living masses (metaphyton) and floating mats.

1.2.1.1 Periphyton/Macrophyte Interactions
In natural Everglades ecosystems and in other aquatic environments, periphy-
ton and wetland macrophytes are intimately connected. Periphyton typically
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Benthic Mat

Epiphyton“Sweaters”

Floating Mat

EXHIBIT 1-2
Representative Examples of PSTA Periphyton

DFB31003696448.D0C/030060022 1-5
W022003001DFB




PSTA Phase 1, 2, and 3 Summary Report

grows on the surfaces of macrophytes that serve as increased attachment
resources in otherwise two-dimensional environments (Browder et al., 1994;
Duke Wetland Center, 1995; Vymazal and Richardson, 1995; McCormick et al.,
1998). Macrophytes are also known to release cell fluids or exudates, which
contain nutrients that stimulate periphyton growth (Wetzel, 1983; Burkholder,
1996). In many macrophyte-dominated wetland and aquatic environments,
periphyton contribute a significant portion (up to 50 percent or more) of the
total primary productivity. This contribution to the autotrophic food chain is
especially important in Everglades slough ecosystems (Browder et al., 1994).

It is hypothesized that sparsely vegetated macrophyte beds support significantly
higher periphyton productivity on an areal basis compared to open water because
of increased surface area for colonization. However, at higher macrophyte densi-
ties, light attenuation from shading results in reduced periphyton productivity
(Grimshaw et al., 1997; McCormick et al., 1998). Determination of the optimal
macrophyte density is an important design variable for maximizing PSTA
removal of P. The importance of this relationship for the periphyton-dominated
ecosystems of the Everglades is highly relevant to the PSTA concept.

The PSTA Research and Demonstration Project addressed the overall effect of
this interaction through the incorporation of low-density macrophyte planting
in experimental units. Plant species that were tested were Eleocharis cellulosa
(spikerush), an emergent macrophyte, and various submerged aquatic plants,
including Utricularia spp. (bladderwort) and the macroalga chara (Chara sp.).
These wetland plant species are known to support significant periphyton popu-
lations (Vymazal and Richardson, 1995; Havens et al., 1996; McCormick et al.,
1998). Volunteer plant species (primarily cattails [Typha latifolia] and hydrilla
[Hydrilla verticillata]) also colonized some of the PSTA mesocosms, resulting in
additional new information about the interaction of these species with
periphyton community development.

1.2.1.2 Importance of Soil Type on Periphyton/Macrophyte

Community Development and Competition

As originally envisioned (Doren and Jones, 1996), PSTA systems would be
constructed with calcium-rich substrates (shellrock, limerock, or weathered
limestone) to increase the opportunity for P mineralization, and to decrease the
rate of macrophyte invasion (Kadlec and Walker, 1996; van der Valk and
Crumpton, 1997). Macrophyte colonization of full-scale PSTAs may be inevi-
table on soils with high antecedent available P concentrations. If high macro-
phyte density occurs, it is likely to lead to replacement of an algal-dominated
treatment unit by a treatment wetland similar to the existing STAs and ulti-
mately limiting I removal rates and minimum achievable P concentrations.

It is notable that organic soils are typical of periphyton-rich areas in Water
Conservation Area (WCA) 2A and WCA-3. David (1996) found that average
peat substrate depth in WCA 3A in macrophyte stands, including E. cellulosa,
Rhyncospora tracyi, and Utricularia spp., was between 43 and 48 centimeters (cm).
It has also been widely observed that periphyton-dominated communities occur
extensively in WCA-2A and elsewhere over organic soils (Browder et al., 1994).
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Thus, it is clear that peat-based PSTAs should be feasible. For this reason, mac-
rophyte colonization rate and growth rate, as well as dominant species, were
investigated in the experimental PSTAs on peat soils. This work was pursued to
determine the nature and speed of macrophyte colonization, and to identify
practical methods to manage macrophytes and to promote a periphyton-
dominated environment.

1.2.1.3 Net P Accretion Rate

Numerous research projects have determined that periphyton can rapidly
assimilate available P (Vymazal, 1988; Havens et al., 1996; Borchardt, 1996;
Wetzel, 1996; Drenner et al., 1997). This P uptake is accelerated by the relatively
small scale and diffusional gradients associated with these microscopic organ-
isms and by phosphatase enzymes and other metabolic adaptations. While P
uptake is extremely rapid during short-term laboratory and mesocosm studies,
other research has indicated that periphyton net production and accrual are
maximum during successional community development and lower under
mature conditions (Knight, 1980). The effect of this ecosystem-level response on
TP removal may result in the need for periodic disturbance of PSTA periphyton
communities to maintain high accretion rates. Assessment of long-term P uptake
in periphyton-dominated plant communities was one of the key objectives of the
District’'s PSTA Research and Demonstration Project.

1.2.1.4 Effects of Flow Velocity

Flow velocity is known to affect periphyton growth with respect to community
thickness, species composition, and primary productivity (Stevenson and
Glover, 1993; Stevenson, 1996; Ghosh and Gaur, 1998). Flow velocity is known to
affect periphyton in two ways: replenishment of growth nutrients and removal

of waste products, and creation of sloughing and downstream export
(Stevenson, 1996).

Current velocity has been shown to increase periphyton productivity at low
levels and to reduce productivity at higher levels. Simmons (2001) studied the
effects of flow velocity on periphyton in bench-scale mesocosms located at the
south ENRP advanced treatment technology research site. His 0.5 m? and 6-cm-
deep mesocosms had baffles that allowed side-by-side comparison of peri-
phyton biomass growth, biomass export, and TP reduction rates at hydraulic
loading rates (HLRs) of 7.7 meters per day (m/d), and nominal velocities of

0.11 centimeters per second (cm/s) (slow treatment) and 1.0 cm/s (fast treat-
ment). Based on physical observations, the periphyton community structure was
dominated by filamentous green algal species. Biomass accrual was 27 percent
greater in the fast treatment during the 22-day, flow-through study period. The
respective net rates of dry weight (dw) accumulation were approximately 7.5
and 6.0 g dw/m?2/d. Biomass export was also approximately 25 percent higher
in the fast treatment compared to the control (1.3 vs. 1.0 g dw/m?2/d). During an
8-day recirculation period, there was no additional net increase in the peri-
phyton biomass values. TP concentration was reduced from approximately 23 to
18 pg/L in both treatments during the first 15 hours of recirculation. TP con-
centrations did not decline further during the next 5 days of recirculation and
then increased to near starting levels during the last 2 days of the recirculation
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phase of the study. TP in the periphyton was estimated as approximately
650 milligrams per kilogram (mg/kg) and 648 mg/kg in the fast and slow
treatments, respectively.

1.2.1.5 Effects of Temperature

Natural Everglades slough communities undergo significant temperature varia-
tion in response to insolation, water depth, and color (related to light attenua-
tion). Diel temperature measurements at the Duke University dosing site in
WCA-2A indicated daily ranges of 4 to 5 degrees Celsius (°C) during July and
August 1995, with maximum and minimum temperatures of approximately
32.0°C and 26.5°C, respectively (Duke Wetland Center, 1995). Diel water temp-
eratures varied by approximately 6°C to 14°C during October 1980 at a reference
slough site in WCA-1, with a median water depth of approximately 30 cm to 50
c¢m and maximum and minimum temperature readings of 28°C and 14°C,
respectively, during a 5-day period (McCormick et al., 1998). During the same
week at this site, the diel temperature range was approximately 2°C to 4°C, and
the minimum and maximum values were 21°C and 26°C, respectively. The
authors reported a diel temperature range from approximately 26°C to 28°C at
an enriched slough site in WCA-2A during August 1985. In a comprehensive
study of the three WCA-periphyton communities in 1978-1979, Swift (1981)
reported that the mean water temperature was 23.8°C, with an annual variation
from 13.4°C to 35.7°C. In the Lake Okeechobee littoral zone slough communities,
Havens et al. (1996) reported water temperatures from 25°C to 30°C, with a
maximum of 40°C recorded under a periphyton mat. Littoral mesocosms had
temperatures typically between 28.2°C and 30.9°C, with peaks up to 37°C and a
diel change of 3°C to 7°C (Havens et al., 1996).

This review indicates that Everglades periphyton-dominated ecosystems
typically experience temperature extremes ranging between 13°C to 37°C, with
typical diel variation between 2°C to 7°C.

1.2.1.6 Effects of Water Regime

Maximum water depths in natural Everglades periphyton-dominated sloughs
are generally less than 1.5 meters (m), and average water depths are typically
approximately 0.6 m (Browder et al., 1994; Vymazal and Richardson, 1995).

Everglades macrophytes are known to be distributed in response to water
regime and water column TP concentrations. David (1996) found typical Ever-
glades slough macrophyte stands at average water depths ranging from 33 to
37 cm in WCA 3A, and 25 to 28 cm in the Dupuis Reserve (David, unpublished).
Average inundation frequencies at these sites were approximately 45 to

100 percent in WCA 3A, and 71 to 85 percent in the Dupuis Reserve.

Everglades periphyton communities typically experience complete drydown
and dessication on a relatively frequent basis (Browder et al., 1994). Thick
periphyton mats trap water and often only the surface of the mat is fully
desiccated. Reflooding leads to fairly rapid revitalization of the algae, bacteria,
fungi, and microinvertebrates that make up the mats. Even fully dessicated
periphyton mats recover rapidly following rewetting, apparently because of the
presence of numerous forms of spores and resting stages for nearly all species
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present. Other species rapidly recolonize these areas through wind- or water-
borne propagules. It has been hypothesized that periphyton communities can
regain their phosphorus-trapping properties within hours of reflooding
(Thomas, et al., 2002).

1.2.1.7 Effects of Ambient TP Concentrations

Ambient TP in Everglades areas colonized by periphyton-dominated plant
communities are in the range of 5 to 15 micrograms TP per liter (ug TP/L)
(McCormick et al., 1996; McCormick and O’'Dell, 1996). As mentioned pre-
viously, periphyton species dominance appears to be tied closely to P concen-
trations. The availability of a large pool of potential algal species provides
adaptability to a broad range of P concentrations. Macroscopically, periphyton
in South Florida freshwater environments shifts from filamentous green domi-
nance at higher P concentrations (>20 pg/L) to a more cohesive mat dominated
by blue-greens and diatoms at lower P concentrations. Dominance of green
filamentous species appears to be most closely tied to the presence of dissolved
reactive P (DRP).

Populations of Utricularia spp. and E. cellulosa were found to be limited to TP
water concentrations of less than 30 ng/L, while another common slough
macrophyte, Nymphea odorata, had maximum plant cover at 50 ug TP/L (Duke
Wetland Center, 1997). These results indicate that it may be challenging to
obtain growth, propagation, and macrophyte dominance of these species at
higher influent TP concentrations anticipated in a PSTA (>50 ug/L).

Macrophytes are generally more dependent on sediments than on the water
column for growth nutrients, such as P. If PSTAs tend to accumulate P in their
sediments, macrophyte growth may be more rapid than in oligotrophic
Everglades slough plant communities. There is considerable concern that
undesirable colonization by macrophytes, such as cattails (Typha spp.), may
result in a need for plant eradication or periodic management (Kadlec and
Walker, 1996; van der Valk and Crumpton, 1997) within a PSTA system.

1.2.2 Periphyton P Removal Performance in
Shallow Raceways

Complementary research has been conducted on periphyton-dominated meso-
cosms by DB Environmental Laboratories, Inc. (DBEL) as part of the District’s
submerged aquatic vegetation/limerock (SAV/LR) advanced treatment
technology project since July 1998 (DBEL, 1999; 2000a,b,c; 2001a,b). The SAV /LR
project has tested post-STA water P removal in several long and narrow race-
ways at the South ENRP Supplemental Technology Research Compound
(STRC), the same site used for the PSTA mesocosm testing described in this
report. Three parallel replicate periphyton-dominated troughs (44 m in length
and 30 cm wide) were designed to convey water at two depths: 2 and 9 cm (high
and low velocity), at widely different HLRs (low=11 cm/d and high=220 to

440 cm/d). All of these troughs were filled with a layer of crushed limerock. The
low-velocity periphyton mesocosms (9 cm deep) were able to provide a mean
TP outflow concentration of 10 pg/L at an average inflow concentration of
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17 ng/L (DBEL, 1999). The TP settling rate (ki) was 21 m/yr, and the average
mass removal rate was 0.29 g P/m?/yr. Periphyton biomass in the 9-cm race-
ways was 867 g dw/m? at the end of the 8-month study. Approximately 166 mg
P/m?2 was stored in this periphyton, or approximately 97 percent of the ob-
served TP removal. TP concentrations in this periphyton varied from approxi-
mately 1,095 mg/kg in the front end of the mesocosms to approximately

190 mg/kg in the downstream end.

The high-velocity raceways reduced TP from 17 to 14 ng/L at a nominal
hydraulic residence time (HRT) of 6.5 to 13 minutes. High algal sloughing was
observed in these high velocity mesocosms. Dry matter net production averaged
5.9 g dw/m?/d in the front end of the mesocosms and 2.4 g dw/m?/d in the
outlet region. TP in the periphyton was 1,201 mg/kg in the front end to

764 mg/kg in the downstream area.

Follow-on studies have been conducted in these raceways, beginning in
February 2000. The HLR to the 9-cm raceways (slow) was doubled and inflow
TP concentration increased at the same time, resulting in an approximate four-
fold increased TP loading. Effluent TP concentrations from these periphyton-
dominated raceways increased to approximately 20 pg/L in response to these
operational changes. Two months later, inflow rates were reduced to 11 cm/d,
yet high outflow TP concentrations continued for several weeks before declining
to approximately 15 ng/L. HLR was doubled again in May 2000 and outflow TP
concentrations continued to range between approximately 10 and 20 pg/L until
the end of the 29-month experiment in November 2000. The long-term average
inflow and outflow TP concentrations for these raceways at 11 cm/d were 20
and 11 ng/L, respectively. During the period of higher loading (22 cm/d), the
average inflow and outflow concentrations were 23 and 15 pg/L. The overall
performance for all loading rates was a reduction of TP from 21 to 12 pg/L and
a net TP removal rate of 0.43 g P/m?2/yr (DBEL, 2002)

One-parameter TP removal rate constants for these two periods were estimated
as 24 and 34 m/yr, respectively. Calibration of the two-parameter k-C* model
(Kadlec and Knight, 1996) with the raceway data returned a kprr (plug flow k
value) of 60 m/yr at a background TP concentration (C*¥) of 8 ng/L. Calibration
with the two-parameter tanks-in-series model returned a ks (tanks-in-series k
value) of 61 m/yr with an estimated 2.8 tanks-in-series and C* equal to 7 ng/L.
Long-term trend analysis indicated a slight decreasing trend in k; values for
these raceways. No seasonal trend in k; values was evident.

In November 2000, the three raceways were joined in series to provide a 132-m
flowpath. The inflow HLR was also tripled to 66 cm/d, resulting in a nominal
velocity of 0.36 cm/s. During the first few weeks of operation, Chara established
dominance in the inflow region of the raceway, and calcareous periphyton
dominated the remaining raceway length (DBEL, 2002). During the 6-month
study, average inflow and outflow TP concentrations were 23 and 17 pg/L.
DBEL (2002) concluded from this work that higher flow velocities did not
appear to have a beneficial effect on P removal in this shallow PSTA mesocosm.
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1.2.3 PSTA Performance at the Village of
Wellington Aquatics Pilot Program

The Village of Wellington in Palm Beach County, Florida, conducted a
demonstration project to evaluate the possible use of natural treatment systems
for stormwater P removal (CH2M HILL Constructors Inc., 2003). Natural
technologies evaluated included floating aquatic vegetation (FAV), emergent
aquatic vegetation (EAV), SAV, and PSTA. The pilot test cells were constructed
from July to August 2001. Plantings were conducted in September 2001, and
grow-in occurred from September through early 2002. Start-up period water
quality monitoring was performed from November 2001 to February 2002. Post-
startup monitoring began in April 2002 and continued through February 2003.
The period-of-record presented in the referenced report was April 2002 to
November 2002.

Two aquatic “treatment trains” were evaluated: the West Flow Path (FAV-EAV-
PSTA in series) and the East Flow-Path (EAV-SAV-PSTA in series). Each PSTA
cell had a total wetted area of 493 m2. Wetted areas of the other cells were FAV
463 m2, EAV 552 m?, and SAV 437 m2. The FAV, EAV, and SAV cells were rec-
tangular with an aspect (length:width) ratio of 2 with no internal berms. The
two PSTA cells were configured with a sinuous flow-path around three internal
berms for an aspect ratio of 8.

The PSTA cells were filled with 15 cm of limerock. The original limerock
substrate consisted of a No. 57-stone limerock gravel. A 2.5-cm-deep layer of
crushed limerock was installed in March 2002 on top of this layer. Design water
depth for the PSTA cells was 15 cm, and the design HLR was 11 cm/d. Inflow
TP concentrations and resulting TP loads varied across the two PSTA cells in
response to upstream cell performance and inlet TP concentration.

Operational data for the period from April 2002 through November 2002 are
summarized in Exhibit 1-3.

E/ﬁII;IgBeII); \?Vellington PSTA Performance for the Period from April 2002 through November
2002

East PSTA West PSTA
Wetted Area (m?) 493 493
Average Flow (m%d) 109 59
Average HLR (cm/d) 221 11.9
Average TP In (ug/L) 118 25
Average TP Out (ug/L) 46 21
Average TP Load (g/m?/yr) 10.8 1.1
Average TP Removed (g/mZ/yr) 7.7 0.7
Average TP Mass Removal Percentage 71% 59%
Average ki (m/yr) 75.7 7.8

DFB31003696448.D0C/030060022 1-11
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The overall TP removals in the two treatment trains (including the FAV, EAV,
and SAV cells) were very good. On the west side, average TP was reduced from
an inflow average of 25 pg/L to an average of approximately 21 pg/L at the
outflow from the PSTA cell. On the east side, system performance was variable
because of the cumulative effects of extremely high phosphorus loading. During
the period of best “stable” performance, outflow TP concentrations from the
PSTA cell of 46 pg/L were achieved.

1.2.4 Periphyton P Removal Performance in
the Vicinity of C-111

Limited data have been collected in the vicinity of C-111, a large water control
canal constructed in the eastern Everglades in Miami-Dade County. This area is
reported to be dominated by a calcareous periphyton plant community. Inflow
and outflow TP data and estimated HLRs are available for the period from
August 1998 through December 2000. These data have been analyzed to deter-
mine the possible effectiveness of a large-scale periphyton-dominated wetland
for TP reduction (Walker, 2001). The average inflow TP during this period was
7 ug/L, and the average outflow concentration was 6 png/L. Based on an average
HLR of 22.3 m/yr, the estimated k-C* parameters for the plug-flow model are
29 m/yr and 5 pg/L. The estimated value for kris is 31 m/yr with five tanks-in-
series (Walker, 2001).

1.3 Experimental Hypotheses

The PSTA research program was established to address the following three
critical issues:

e Viability refers to establishment and maintenance of the desired peri-
phyton-dominated ecological community. Although the location of peri-
phyton-dominated ecosystems in the Everglades is known, there was a need
to refine the basic understanding of how to create this ecosystem, how long
it takes to establish mature periphyton communities, and how to maintain
these systems against shifting dominance by macrophytes (floating,
submerged, or emergent) and phytoplankton (free-floating algae).

o Effectiveness refers to the ability of a PSTA to consistently and predictably
remove P. Net P removal is dependent upon sustainable gross P removal
rates, chemical and biological transformations of the P into non-reactive
forms, and ultimate burial of P in newly accreted sediments or biomass. A
number of design considerations are likely to determine the effectiveness of
a full-scale PSTA. These include such factors such as flow velocity, water
depth, presence/absence of macrophytes at low densities, and the nature of
underlying antecedent soils.

e Sustainability refers to the long-term maintenance and operational cost of a
periphyton-dominated treatment system. The most important sustainability
issue is the expected useful life of a PSTA-dominated treatment system. The
PSTA Forecast Model was developed to provide a basis for extrapolation
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from the relatively short operational period covered by this research. Other
sustainability questions included: Will these systems require intervention for
removal of accreted P? Will they restart and operate smoothly after a dry-
down or flood event? Will they create water quality problems downstream
in receiving waters from release of chronically or acutely toxic environ-
mental pollutants?

The following research hypotheses — detailed in the PSTA Research Plan
(CH2M HILL, April 2001) —are related to the three critical issues described
above, and were tested by one or more of the research components:

e Hypothesis #1: PSTAs can be colonized and operational in less than 1 year
following basin construction (viability).

e Hypothesis #2: The presence of low-density stands of emergent macrophytes
and submerged aquatics will increase the PSTA sustainable TP settling rate
(viability and effectiveness).

e Hypothesis #3: Substrate type significantly affects the PSTA sustainable TP
settling rate (effectiveness).

e Hypothesis #4: The sustainable TP settling rate for PSTAs is >35 m/yr
(effectiveness).

e Hypothesis #5: PSTA annual average TP export concentration can be
sustained below 10 pg/L (effectiveness).

e Hypothesis #6: PSTA maximum monthly average export TP can be sus-
tained at less than two times the annual average TP export (effectiveness).

e Hypothesis #7: PSTA TP export concentration is highly correlated with HLR
for a given TP inflow concentration (effectiveness).

e Hypothesis #8: PSTA sediment and macrophyte biomass accretion rates will
dictate major operation and maintenance (O&M) requirements in less than
10 years (sustainability).

e Hypothesis #9: Flow velocity exhibits a subsidy-stress effect on PSTA
sustainable TP settling rate (effectiveness).

e Hypothesis #10: Water depth in the range between 30 and 60 cm does not
significantly affect PSTA sustainable TP settling rates (viability and
effectiveness).

e Hypothesis #11: Outflow water from full-scale PSTAs will not be chronically
toxic to indigenous Everglades flora or fauna and will not include
unacceptably high concentrations of methyl-mercury (sustainability).

The PSTA Research and Demonstration project has provided evidence for
acceptance or rejection of the 11 hypotheses as summarized in Sections 2
through 4. Detailed data supporting the conclusions in this report are included
in the appendices.
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1.4 Summary of PSTA
Experimental Design and
Treatments

This section provides key information related to the experimental design used in
Phases 1, 2, and 3 of the PSTA Research and Demonstration Project. Exhibit 1-4
summarizes the PSTA design criteria and treatments tested at all three research
scales. The details of the three PSTA research scales (Porta-PSTAs [PP], South
ENRP PSTA Test Cells [STCs], and FSCs are described below. The locations of
the three PSTA research sites are shown in Exhibit 1-5. Key dates for PSTA
construction and operation are summarized in Appendix A.

1.4.1 Porta-PSTA Mesocosms

Twenty-four fiberglass Porta-PSTA mesocosms were constructed offsite and
delivered to the South ENRP Test Cells. Twenty-two of the fiberglass tanks were
6 m long by 1 m wide and 1 m deep. The remaining two tanks were the same
length and depth as the other tanks, but were 3 m wide to allow assessment of
mesocosm configuration effects.

Exhibit 1-6 provides a schematic view of the Porta-PSTA experimental setup
showing the layout of typical 1- and 3-m-wide mesocosms in relation to the
constant-head tank and inlet manifolds. Exhibit 1-7 provides a photograph of
Porta-PSTA Tank 23 following periphyton colonization.

Twelve treatments were tested in the Porta-PSTAs during Phase 1. These
included variations in water depth, soil type, HLR, mesocosm width, and
presence of periphyton. During Phase 2, five treatments continued unaltered
and 7 new treatments replaced Phase 1 treatments. This resulted in a total of

19 numbered treatments in the 18-month Porta-PSTA study. Detailed design
and operational criteria for the Porta-PSTAs are summarized in Exhibit 1-8.
Monthly average HLRs applied to the Porta-PSTAs are summarized in Exhibit
1-9. Average monthly water depths in all Porta-PSTA treatments are provided in
Exhibit 1-10. Detailed operational data for the Porta-PSTA test systems are
summarized in Appendix C.

1.4.2 South ENRP PSTA Test Cells

The District assigned three South ENRP Test Cells (STCs) to the PSTA Research
and Demonstration Project. During final construction, substrate in these PSTA

Test Cells was modified by the District by placing the following layers of
substrate over the cell liner:

o Test Cell 13: 2.5 feet (ft) of sand fill plus 1.0 ft of shellrock (locally mined)
plus 1.0 ft of peat (taken from area of STA 1W, Cell 5 - unflooded, former
agriculturally worked lands)
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EXHIBIT 1-4
PSTA Design Criteria and Experimental Treatments (Phases 1, 2, and 3)

Target Target Target

PSTA Area Substrate =~ Wtr Depth HLR Depth:Width
Treatment Phase Cells (m2) Type (cm) (cm/d) Ratio Other Considerations
PP-1 1 9,11,18 6 peat 60 6 0.6 sparse macrophytes
PP-2 1 4,7,8 6 shellrock 60 6 0.6 sparse macrophytes
PP-3 1,2 12,14,17 6 peat 30 6 0.3 sparse macrophytes
PP-4 1,2 3,510 6 shellrock 30 6 0.3 sparse macrophytes
PP-5 1 2,13, 16 6 shellrock 60 12 0.6 sparse macrophytes
PP-6 1 1,6,15 6 shellrock 0-60 0-12 0-0.6 sparse macrophytes
PP-7 1,2 19 6 sand 30 6 0.3 sparse macrophytes
PP-8 1 20 6 sand 60 6 0.6 sparse macrophytes
Aquashade; no
PP-9 1 21 6 peat 60 6 0.6 macrophytes
Aquashade; no
PP-10 1 22 6 shellrock 60 6 0.6 macrophytes
PP-11 1,2 23 18 shellrock 30 6 0.1 sparse macrophytes
PP-12 1,2 24 18 peat 30 6 0.1 sparse macrophytes
PP-13 2 9,11,18 6 peat (Ca) 30 6 0.3 sparse macrophytes
PP-14 2 4,7,8 6 limerock 30 6 0.3 sparse macrophytes
sparse macrophytes;
PP-15 2 2,13, 16 6 shellrock 30 6 0.3 recirculation
PP-16 2 1,6, 15 6 shellrock 0-30 0-6 0-0.3 sparse macrophytes
PP-17 2 20 6 sand (HCI) 30 6 0.3 sparse macrophytes
PP-18 2 21 6 none 30 6 0.3 no macrophytes
PP-19 2 22 6 Aquamat 30 6 0.3 no macrophytes
STC-1 1 13 2,240 peat 60 6 0.021 sparse macrophytes
STC-2 1 8 2,240 shellrock 60 6 0.021 sparse macrophytes
STC-3 1 3 2,240 shellrock 0-60 0-12 0-0.02 sparse macrophytes
STC-4 2 13 2,240 peat (Ca) 30 6 0.010 sparse macrophytes
STC-5 2 8 2,240 shellrock 30 6 0.010 sparse macrophytes
STC-6 2 13 2,240 shellrock 0-30 0-12 0-0.01 sparse macrophytes
FSC-1 3 1 19,350 limerock/peat 0-60 0-12 0.005 sparse macrophytes
FSC-2 3 2 19,970 limerock/peat 0-60 0-12 0.014 sparse macrophytes
FSC-3 3 3 19,350 caprock 0-60 0-12 0.005 sparse macrophytes
FSC-4 3 4 19,350 native peat 0-60 0-12 0.005 sparse macrophytes
Notes:

PP = Porta-PSTA
STC = South Test Cell
FS = Field-Scale
FSC = Field-Scale Cell
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| Take Okeechobee |

ENRP PSTA
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STA-2

STA-3/4

Field-Scale
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| i 7 |

EXHIBIT 1-5
Locations of District PSTA Research Sites

e Test Cells 3 and 8: 3.5 ft of sand fill plus 1.0 ft of shellrock (locally mined)

Exhibit 1-11 provides a plan view of a typical PSTA Test Cell showing sampling
locations and walkways. Exhibit 1-12 summarizes detailed design criteria and
treatments for the PSTA Test Cells during the first two project phases.

Exhibit 1-13 provides a photograph of a typical PSTA Test Cell at the South
ENRP Test Cell site.

The effects of three replicated treatments (substrate, water depth, and HLR)
were tested in the Test Cells during Phase 1 (February 1999 to March 2000). The
treatments were renumbered for Phase 2 with monitoring beginning in April
2000 and continuing through early April 2001.

For Phase 2, the Test Cells underwent changes, including peat soil amendment,
water regime, and water depth. Treatment STC-4 (Test Cell 13) was amended
with calcium to attempt to decrease the amount of soluble P being released from
the peat soils after reflooding. Average water depth was reduced from 60 to

30 cm, and the target HLR remained at 6 cm/d. Water depth in Treatment STC-5
(South Test Cell 8) was reduced from 60 to 30 cm.
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EXHIBIT 1-7

Porta-PSTA Tank 23 (Treatment PP-11) After 11 Months of Colonization

This 6 x 3 meter tank has shellrock soils and was operated at a 30-cm water depth.
Floating periphyton mats are visible among the sparse emergent macrophytes. Narrow
tanks can be seen in the background as well as the raised constant Head Tank used to
feed all mesocosms at this site.

The operation schedule for Treatment STC-6 (South Test Cell 3) was revised
during Phase 2 to include two prolonged dry-outs, a maximum HLR of

11.4 cm/d, a maximum operational water depth of 60 cm, and an average depth
of approximately 30 cm. Monthly average HLRs actually achieved in the PSTA
Test Cells during Phase 1 and 2 research are summarized in Exhibit 1-14.
Average monthly water depths in the PSTA Test Cells are provided in

Exhibit 1-15. Detailed operational data for the PSTA Test Cells are summarized
in Appendix C.

1.4.3 PSTA Field-Scale Cells

Exhibit 1-16 provides a summary of the Field-Scale PSTA design criteria and
Exhibit 1-17 schematically illustrates the PSTA Field-Scale Demonstration
Facility layout. Four PSTA Cells were constructed between April 2000 and early
2001 from onsite materials (see Exhibit 1-18). These four cells were each approxi-
mately 20,000 square meters (m?2) (5 acres). Three of the cells were rectangular at
61 m wide by 317 m long (200 by 1,040 feet [ft]), and one cell was sinuous with a
length of 951 m (3,120 ft) and a width of 21 m (70 ft). FSC-1 and FSC-2 had
approximately 60 centimeters (cm) or 24 inches of limerock placed over the
native peat soils. The relatively shallow peat soils were excavated and removed
from FSC-3 to expose the underlying caprock. Native (onsite) peat soils, without
amendments or other pretreatments, comprised the floor of FSC-4.
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Comparison of Porta-PSTA Mesocosm Phase 1 and Phase 2 Treatments

Phase 1 to Phase 2 Alterations

Phase 1 Phase 2
(April 1999 - March 2000) (March - April 2000) (April 2000 - October 2001)
PP-1 PP-13
Substrate: Peat « Tanks drained and vegetation removed Substrate: Peat + Ca
Depth: 60 cm « Sediment wetted and peat soil Depth: 30 cm
Porta-PSTAs HLR (cm/d): 6 amended with lime (7mt/ha) HLR (cm/d): 6
9,11,18 Average Velocity (cm/s):  0.0007 « Vegetation replanted Average Velocity (cm/s):  0.0014
Depth:Width Ratio: 0.6 « Tank reflooded, but operated at 30 cm Depth:Width Ratio: 0.3
Vegetation:  Periphyton, Eleocharis, |+ Tank inoculated with periphyton Vegetation:  Periphyton, Eleocharis
Utricularia Utricularia
PP-2 PP-14
Substrate:  Shellrock « Tanks drained and vegetation removed Substrate:  Limerock
Depth: 60 cm « Shellrock removed and tank rinsed with Depth: 30 cm
Porta-PSTAs HLR (cm/d): 6 dilute HCI HLR (cm/d). 6
7,4,8 Average Velocity (cm/s):  0.0007 « 20 cm of washed limerock added to tank Average Velocity (cm/s):  0.0014
Depth:Width Ratio: 0.6 « Tank replanted with spikerush Depth:Width Ratio: 0.3
Vegetation:  Periphyton, Eleocharis, |+ Tank reflooded, but operated at 30 cm Vegetation:  Periphyton, Eleocharis,
Utricularia « Tank inoculated with periphyton Utricularia
PP-3 PP-3
Substrate: Peat « Continue routine monitoring with no changes Substrate: Peat
Depth: 30 cm Depth: 30 cm
Porta-PSTAs HLR (cm/d): 6 HLR (cm/d). 6
12,14,17 Average Velocity (cm/s):  0.0014 Average Velocity (cm/s):  0.0014
Depth:Width Ratio: 0.3 Depth:Width Ratio: 0.3
Vegetation:  Periphyton, Eleocharis , Vegetation:  Periphyton, Eleocharis,
Utricularia Utricularia
PP-4 PP-4
Substrate:  Shellrock « Continue routine monitoring with no changes Substrate:  Shellrock
Depth: 30 cm Depth: 30 cm
Porta-PSTAs HLR (cm/d): 6 HLR (cm/d). 6
3,510 Average Velocity (cm/s):  0.0014 Average Velocity (cm/s):  0.0014
Depth:Width Ratio: 0.3 Depth:Width Ratio: 0.3
Vegetation:  Periphyton, Eleocharis , Vegetation:  Periphyton, Eleocharis,
Utricularia Utricularia
PP-5 PP-15
Substrate:  Shellrock « HLR reduced to 6 cm/d Substrate:  Shellrock
Depth: 60 « Water depth reduced to 30 cm Depth: 30 cm
Porta-PSTAs HLR (cm/d): 12 « Recirculation pumps installed to increase HLR (cm/d):  (recirc)
2,13,16 Average Velocity (cm/s):  0.0007 velocity to 0.5 cm/s Average Velocity (cm/s): 0.5
Depth:Width Ratio: 0.6 Depth:Width Ratio: 0.3
Vegetation:  Periphyton, Eleocharis , Vegetation:  Periphyton, Eleocharis,
Utricularia Utricularia
PP-6 PP-16
Substrate:  Shellrock « One complete dry out scheduled with Substrate:  Shellrock
Depth:  0- 60cm subsequent reflooding Depth:  0- 30 cm
Porta-PSTAs HLR (cm/d): 0-6 « Variation in water regime scheduled HLR (cm/d):  0-6
1,6,15 Average Velocity (cm/s):  0.0014 « Maximum water depth reduced to 30 cm Average Velocity (cm/s):  0.0014
Depth:Width Ratio:  0- 0.6 Depth:Width Ratio:  0- 0.3
Vegetation:  Periphyton, Eleocharis , Vegetation:  Periphyton, Eleocharis,
Utricularia Utricularia
PP-7 PP-7
Substrate:  Sand Substrate:  Sand
Depth: 30 cm « Continue routine monitoring with no changes Depth: 30 cm
Porta-PSTA HLR (cm/d): 6 HLR (cm/d): 6
19 Average Velocity (cm/s):  0.0014 Average Velocity (cm/s):  0.0014
Depth:Width Ratio: 0.3 Depth:Width Ratio: 0.3
Vegetation:  Periphyton, Eleocharis , Vegetation:  Periphyton, Eleocharis,
Utricularia Utricularia
PP-8 PP-17
Substrate: Sand « Tank drained and vegetation removed Substrate:  Sand- HCI
Depth: 60 cm « Sand thoroughly washed with dilute HCI Depth: 30 cm
Porta-PSTA HLR (cm/d): 6 to remove available P HLR (cm/d): 6
20 Average Velocity (cm/s):  0.0007 « Tank rinsed Average Velocity (cm/s):  0.0014
Depth:Width Ratio: 0.6 « Tank replanted with spikerush Depth:Width Ratio: 0.3
Vegetation:  Periphyton, Eleocharis, |+ Tank reflooded, but operated at 30 cm Vegetation:  Periphyton, Eleocharis,
Utricularia « Tank inoculated with periphyton Utricularia
PP-9 PP-18
Substrate: Peat- Aquashade « Tank drained and substrate removed Substrate:  None
Depth: 60 « Tank thoroughly rinsed with dilute HCI Depth: 30 cm
Porta-PSTA HLR (cm/d): 6 « Tank rinsed HLR (cm/d): 6
21 Average Velocity (cm/s):  0.0007 « Tank reflooded, but operated at 30 cm Average Velocity (cm/s):  0.0014
Depth:Width Ratio: 0.6 « Tank inoculated with periphyton Depth:Width Ratio: 0.3
Vegetation:  None Vegetation:  Periphyton, Utricularia
PP-10 PP-19
Substrate:  Shellrock- Aquashade « Tank drained and substrate removed Substrate:  None- Aquamat
Depth: 60 cm « Tank thoroughly rinsed with dilute HCI Depth: 30 cm
Porta-PSTA HLR (cm/d): 6 « Tank rinsed HLR (cm/d): 6
22 Average Velocity (cm/s):  0.0007 « Tank reflooded, but operated at 30 cm Average Velocity (cm/s):  0.0014
Depth:Width Ratio: 0.6 « Synthetic substrate (Aquamat) added Depth:Width Ratio: 0.3
Vegetation:  None « Tank inoculated with periphyton Vegetation:  Periphyton, Utricularia
PP-11 PP-11
Substrate:  Shellrock « Continue routine monitoring with no changes Substrate:  Shellrock
Depth: 30 cm Depth: 30cm
Porta-PSTA HLR (cm/d): 6 HLR (cm/d): 6
23 Average Velocity (cm/s):  0.0014 Average Velocity (cm/s):  0.0014
Depth:Width Ratio: 0.1 Depth:Width Ratio: 0.1
Vegetation:  Periphyton, Eleocharis , Vegetation:  Periphyton, Eleocharis ,
Utricularia Utricularia
PP-12 PP-12
Substrate: Peat « Continue routine monitoring with no changes Substrate: Peat
Depth: 30 cm Depth: 30 cm
Porta-PSTA HLR (cm/d): 6 HLR (cm/d): 6
24 Average Velocity (cm/s):  0.0014 Average Velocity (cm/s):  0.0014
Depth:Width Ratio: 0.1 Depth:Width Ratio: 0.1

Vegetation:

Periphyton, Eleocharis ,
Utricularia

Vegetation:

Periphyton, Eleocharis ,
Utricularia
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Exhibit 1-11. Plan View of Typical ENR PSTA Test Cell Showing Sampling Locations
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PSTA Phase 1, 2, and 3 Summary Report

EXHIBIT 1-12

Comparison of PSTA ENRP South Test Cell Phase 1 and Phase 2 Treatments

Phase 1 Phase 1 to Phase 2 Alterations Phase 2
TC# | (February 1999 - March 2000) (March - April 2000) (April 2000 - April 2001)
TC 13 STCA1 STC-4
Substrate: Peat * Vegetation herbicided and Substrate: Peat + Ca
removed
Depth: 60 cm « Cell floor wetted and peat soil |Depth: 30 cm
HLR (cm/d): 6 amended with lime (7mt/ha) HLR (cm/d): 6
Average 0.0093 * Cell reflooded, but operated at |Average Velocity 0.0185
Velocity 30 cm (cm/s):
(cm/s):
Depth:Width 0.02 * Vegetation replanted Depth:Width 0.01
Ratio: Ratio:
Vegetation:  Periphyton, |+ Cell inoculated with periphyton [Vegetation: Periphyton,
Eleocharis, Eleocharis,
Utricularia Utricularia
TC 8 STC-2 STC-5
Substrate: Shellrock » Water depth reduced to 30 cm |Substrate: Shellrock
Depth: 60 cm * No other changes made Depth: 30cm
HLR (cm/d): 6 HLR (cm/d): 6
Average 0.0093 Average Velocity 0.0185
Velocity (cm/s):
(cm/s):
Depth:Width 0.02 Depth:Width 0.01
Ratio: Ratio:
Vegetation:  Periphyton, Vegetation: Periphyton,
Eleocharis, Eleocharis,
Utricularia Utricularia
TC3 STC-3 STC-6
Substrate: Shellrock » Two complete dry-outs Substrate: Shellrock
scheduled for the cell with
subsequent reflooding
Depth: 0- 60 cm * Maximum water depth of 30 cm |Depth: 0- 30 cm
HLR (cm/d): 0-12 HLR (cm/d): 0-12
Average 0.0093 Average Velocity 0.0185
Velocity (cm/s):
(cm/s):
Depth:Width 0.02 Depth:Width 0.01
Ratio: Ratio:
Vegetation:  Periphyton, Vegetation: Periphyton,
Eleocharis, Eleochatris,
Utricularia Utricularia
Note:

mt/ha = metric tonnes per hectare

1-22
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Section 1. Project Background

EXHIBIT 1-13

PSTA Test Cell 8 (Treatment STC-2) After Approximately 12 Months of Colonization

This photo is looking upstream from the outfall standpipes toward the inflow at the far end
of the cell. Monitoring walkways are located at 1/3 and 2/3 points along the flow path.

Influent water to this facility can be conveyed from two sources: the western
STA-2 seepage control canal or Cell 3 of STA-2. These water sources can be used
independently or by blending. Influent canal water is pumped through inlet
manifolds into the four FSCs using diesel pumps. The inlet flow rate is
measured with an in-line magnetic meter in each inlet manifold. Water flows by
gravity from the inlet deep zones to the outlet deep zones, which distribute and
collect these flows. Water flows out of each cell through a single outlet weir box
equipped with an Agridrain water level control structure, which contains
60-cm-wide removable stoplogs. The top stoplog acts as a horizontal overflow
weir and controls the water level in the cell as well as being used in conjunction
with a water level recorder for outflow quantification.

Scaffold-type “boardwalks” were installed across the width of each cell at the
center point to allow access for internal sampling. A series of groundwater
sampling wells were arranged within and around the FSCs to allow monitoring
of groundwater TP gains and losses. Low densities of spikerush were planted in
bands across the width of each cell to help prevent the periphyton mat from
washing out toward the outflow structures. Periphyton colonization was by
natural recruitment. Construction of the PSTA Field-Scale demonstration facility
was completed during the first quarter of 2001, and routine operation and
monitoring began in July 2001.

DFB31003696448.D0C/030060022 1-23
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EXHIBIT 1-16
Experimental Treatments and Design Criteria for PSTA Field-Scale Demonstration Cells

PSTA Treatment
Design Parameter FSC-1 FSC-2 FSC-3 FSC-4
No. Cells 1 1 1 1
Flow (m°/d)

Average 1250 1250 1250 1250

Maximum 2500 2500 2500 2500

Minimum 0 0 0 0
Cell Length (m) 315 945 315 315
Cell Width (m) 66 22 66 66
Aspect Ratio 5 43 5 5
Horizontal Cell Area (m?) 20790 20790 20790 20790
Operational Water Depth (m)

Average 0.30 0.30 0.30 0.30

Maximum 0.60 0.60 0.60 0.60

Minimum 0.00 0.00 0.00 0.00
Operational Water Volume (m®)

Average 6237 6237 6237 6237

Maximum 12474 12474 12474 12474

Minimum 0 0 0 0
Nominal Hydraulic Residence Time (d)

@ average flow and depth 5.0 5.0 5.0 5.0

@ maximum flow and minimum depth 0.0 0.0 0.0 0.0

@minimum flow and maximum depth INF INF INF INF
Hydraulic Loading Rate (cm/d)

@ average flow and depth 6.0 6.0 6.0 6.0

@ maximum flow 12.0 12.0 12.0 12.0

@minimum flow 0.0 0.0 0.0 0.0
Nominal Linear Velocity (m/d)

@ average flow and depth 63 189 63 63
Substrate LR-PE LR-PE CR PE
Liner (Yes/No) No No No No
Deep Zones

Number per Cell 2 4 2

Depth Below Floor Elevation (m) 1 1 1 1
Plant Species (Yes/No)

Periphyton Yes Yes Yes Yes

Macrophytes Yes Yes Yes Yes
Design TP Influent Quality (pg/L)

Average 25 25 25 25

Maximum 40 40 40 40

Minimum 15 15 15 15
Design TP Mass Loading (g/m?/y)

Average 0.55 0.55 0.55 0.55

Maximum 0.88 0.88 0.88 0.88

Minimum 0.33 0.33 0.33 0.33
Notes:

PE = peat

LR-PE = limerock fill over peat
CR = limestone caprock
INF = infinite

DFB31003696166.xIs
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Section 1. Project Background

EXHIBIT 1-18

Field-Scale Pilot PSTA Research Site West of STA-2

This photo is looking south. STA-2 Cell 3 is to the left (east) and the Field-Scale Cells
are numbered 1 through 4 with FSC-1 on the left. Dividing channels are placed

between FSC-2 and FSC-3 and between FSC-3 and FSC-4 to help isolate the cells from
groundwater interactions.

Monthly average HLRs and water depths actually achieved in the Field-Scale
PSTA cells during Phase 3 are summarized in Exhibit 1-19. Difficulties were
encountered in maintaining consistent water deliveries and depths in the FSCs
because of mechanical problems with the diesel-powered pumps, and drought
conditions resulting in inadequate water supply to meet the needs of the
research and demonstration project at all times. Operational success was
measurably improved following the spring 2002 drydown of the system and the
improved water availability with the onset of the 2002 wet season. Detailed
operational data for the Field-Scale PSTA test systems are summarized in
Appendix E.

DFB31003696448.D0C/030060022 1-27
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Section 1. Project Background

1.5 Summary of Environmental
Forcing Functions

External environmental forcing functions that affected the growth and perform-
ance of the PSTA mesocosms include:

¢ Sunlight (measured as total insolation and photosynthetically active
radiation [PAR])

e Rain inputs
e ET outputs

The general history of each of the environmental forcing functions for the Phase
1, 2, and 3 periods-of-record (POR) is presented in Exhibits 1-20 and 1-21.
Appendix B includes detailed meteorological data for the three project phases.
Inflow hydraulic loads, P concentrations, and water temperatures are also
external forcing functions and are described elsewhere in this report.

1.5.1 Solar Imputs

Exhibit 1-20 summarizes the total insolation and PAR received at the three
project sites during the project period. Total insolation averaged 18.1 megajoules
(M]) per m2/d, and PAR averaged 28.9 mols per m2/d. Sunlight inputs are
clearly seasonal with short-term effects attributable to the presence of cloud
cover.

1.5.2 Precipitation and Evapotranspiration

Exhibit 1-21 compares the measured rainfall and estimated evapotranspiration
(ET) and their net difference. ET data were provided by the District and are from
their STA-1W station. The total rainfall for the 1,213-day POR was 425 cm

(167 inches [in]), which is equal to approximately 0.35 cm/d (0.14 in/d), while
ET was 461 cm (181 in), or 0.38 cm/d (0.15 in/d). These data indicate that there
was a slight net ET water loss to the atmosphere (0.03 cm/d) [0.01 in/d] from
the PSTA test systems during the POR.

1.6 PSTA Test System Water
Balances and Hydraulics

PSTA test systems were aquatic ecosystems, and detailed knowledge of their
hydrology and hydraulics was important for interpretation of their ecology and
P removal performance. This section briefly summarizes the water balances for
all 29 of the PSTA experimental treatments as well as hydraulic properties for a
selected subset of those systems. Detailed water balances are provided for all
PSTA test systems in Appendices C, D, and E. Tracer testing results for selected
PSTAs are provided in Appendix G.
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EXHIBIT 1-20
Solar Energy Inputs to the PSTA Mesocosms During Phases 1, 2, and 3

35
Phase 1 — P Phase2 —P Phase 3 —»
Average (MJ/m?/d)
30 Phase 1: 19.04
Phase 2: 18.34
Phase 3: 17.57
P.O.R.: 18.13
25 A
T
£
2 20
c
-.c-.’ no data
©
2
2 15
s
o
[
10
5 m
0 T T T T T T
02/01/99 08/20/99 03/07/00 09/23/00 04/11/01 10/28/01 05/16/02
Date
60
Phase 1 — Phase 2 — P Phase 3 — P
Average (mol/m*/d)
Phase 1: 36.40
I Phase 2: 30.25
50 1 Phase 3: 25.09
P.O.R.: 28.90
40 “: | | 1
)
E
°
3 30
14
E no data
20 I |
0 T T T T T T
02/01/99 08/20/99 03/07/00 09/23/00 04/11/01 10/28/01 05/16/02
Date

DFB31003696166.xIs



EXHIBIT 1-21
Rainfall and Evapotranspiration at the PSTA Mesocosms During Phases 1, 2, and 3
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PSTA Phase 1, 2, and 3 Summary Report

1.6.1 Water Balances

Exhibit 1-22 summarizes the period-of-record water balances for each of the
PSTA treatments. The residual for each water balance provides an estimate of
the total unaccounted water gains and losses. For the lined Porta-PSTAs and
Test Cells, groundwater exchanges were not considered to be likely. In those
cases, the estimated residuals are an indication of the cumulative errors in
measuring surface inflows and outflows (including rainfall and ET). For the
unlined FSCs, these residuals also include the observed groundwater exchanges.

Residuals for the Porta-PSTA treatments ranged from approximately 0.2 to
19.3 percent of the measured inflow. These numbers indicate that most of these
water mass balances were fairly reasonable.

Residuals for the PSTA Test Cell treatments ranged from 0.1 to 48 percent of the
measured inflows. Residuals were generally small (less than approximately

11 percent of inflows), except in the Phase 1 variable water regime cell. The
largest contribution to this water balance error occurred during a month of
rapid water level changes.

Measured residuals for the FSCs ranged from approximately 10 to 78 percent of
inflows. FSC-1, FSC-2, and FSC-4 lost a significant quantity of water by leakage
to the surficial groundwater and to surrounding surface waters, both in the
inflow canal and to adjacent cells. Exhibit 1-23 illustrates the time-series data for
water levels in the four FSCs and in the adjacent shallow groundwater wells.
There was a clear gradient from surface water to groundwater during most
operational periods in all of these PSTA cells.

Average estimated daily leakage losses for these cells were approximately 5.0,
6.8, and 7.2 cm/d for FSC-1, FSC-2, and FSC-4, respectively. FSC-3 was
excavated through the surficial soils and had a resulting lower ambient water
level than the other three FSCs. For this reason, FSC-3 leaked some of the time
and at other times of lower water stages received some inputs from the shallow
groundwater and from adjacent surface waters in the inflow canal, the outflow
canal, and the dividing seepage canals. The net effect of these exchanges was a
much lower residual (10 percent of inflows) and estimated leakage (1.0 cm/d)
than for the other FSCs.

1.6.2 System Hydraulics

Exhibit 1-24 summarizes the results of 14 lithium-based tracer tests conducted
on the PSTA test systems within the time-frame of this report. There were four
tracer tests in Porta-PSTAs, six tests in the Test Cells, and one each in the four

Field-Scale PSTA cells.

In the Porta-PSTAs, the tracer mass recovery varied from 62 to 98 percent, and
volumetric efficiencies ranged from 86 to 228 percent. The estimated tanks-in-
series (TIS) for three shellrock-based tanks ranged from 1.5 to 2.2. In the recircu-
lation shellrock Porta-PSTA tank, the TIS estimate fell to 1.1.

1-32 DFB31003696448.D0C/030060022
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PSTA Phase 1, 2, and 3 Summary Report

The Phase 1 Test Cell PSTAs had estimated tracer mass recoveries between 61
and 118 percent, and volumetric efficiency estimates between 83 and
155 percent.

TIS estimates in the Phase 1 Test Cells were between 1.2 and 2.7. During Phase 2,
after considerable time for plant community development, these PSTA Test Cell
TIS estimates increased to 3.8 to 4.1.

The four Field-Scale cells were tested with lithium and rhodamine (visual)
tracers during Phase 3. FSC-2 and FSC-4 were tested in the spring of 2002, and
FSC-1 and FSC-3 were tested in the fall of 2002. The rhodamine visual tracer
indicated that there was some significant “cross talk” between the PSTA cells
and the surrounding canals. For example, leaks were detected from FSC-1 to
FSC-2, increasing the water and P load to FSC-2. Both FSC-1 and FSC-2 had
leaks back to the inlet canal. Analysis of groundwater samples indicated that
tracers were not showing up in the wells, indicating that most of the cell leaks
were via surface outflows to adjacent ditches and neighboring cells.

Tracer mass recoveries were relatively low in three of the FSCs. FSC-1 and FSC-2
had mass recoveries of 46 and 45 percent, respectively. FSC-3 had complete
mass recovery (101 percent) while FSC-4 (undisturbed peat soils) had the lowest
mass recovery at 6 percent. These data indicate that covering the peat reduced
overall leakage in the cells and that leakage is near zero when the cell water
surface is near the surrounding groundwater level (FSC-3). Estimated volu-
metric efficiencies in the FSCs varied from a high of 177 percent in FSC-1 to a
low of 89 percent in FSC-2.

TIS estimates for the FSCs were relatively high compared to the other PSTA test
platforms. FSC-2, the “sinuous” PSTA cell (length:width ratio of approximately
45:1), had approximately 25 TIS. FSC-1 and FSC-4 each had approximately 9 TIS.
FSC-3, which typically had the most open water, had an estimated TIS value of
approximately 4.5.

These tracer results provide an expanding perspective on the hydraulics of small
and large-scale PSTAs. It appears that “vegetated” PSTA cells containing peri-
phyton mat and sparse macrophytes are fairly close to “plug flow”, which will
theoretically provide more effective treatment performance within a given PSTA
footprint. Unvegetated or recirculated cells are subject to greater mixing and
more nearly approximate a continuous stirred tank reactor, a less efficient treat-
ment vessel per unit area. Smaller test units, such as the Porta-PSTAs, appear to
underestimate the TIS values from larger cells. These tracer test results are tied
into performance estimates in Section 3 and in PSTA conceptual designs in
Section 4.

1-36 DFB31003696448.D0C/030060022
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SECTION 2

Community Development

and Viability

2.1 Introduction

PSTA technology development depends on being able to create
and maintain a periphyton-dominated ecosystem that has
some characteristics of a typical Everglades periphyton
assemblage. It is hypothesized that PSTAs must have the
following general characteristics to be considered viable:

e Biomass and primary productivity levels that approximate
those of natural, low nutrient adapted periphyton
assemblages

e Algal species dominance and diversity similar to natural
periphyton assemblages that have the ability to capture and
sequester I’ at low surface water concentrations and in
stable forms

e Able to recover from dry-down periods relatively quickly
and reestablish high productivity rates and P sequestration

e Resistant to wash-out and wind transport under varying
climatic regimes

e Relatively immune to biological upsets caused by
population explosions of consumers

PSTA research has provided information that addresses most
of these questions related to PSTA viability. This section
reports specific findings related to periphyton ecology,
macrophyte growth in the PSTA mesocosms, and overall
ecological processes in these systems.

2.2 Periphyton Ecology
2.2.1 Background

A typical adapted periphyton community is as complex as any
other ecosystem and includes a high diversity of primary
producers, various levels of grazers and consumers, and a
detrital food web (Lowe, 1996; Bott, 1996). As with other eco-
systems, the periphyton can be studied as an assemblage of
mutually dependent organisms (population approach) and/or

DFB31003696450.D0C/030070003 2-1
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PSTA Phase 1, 2, and 3 Summary Report

based on overall ecological form and function (systems-level or “green-box”
approach). Studies focused solely on the algal component of the periphyton are
too narrow to assess the function of the entire ecosystem of producers and
consumers. Population studies are time-consuming and costly, and may not be
able alone to provide answers to the questions most relevant to PSTA design.
The PSTA Research and Demonstration Project utilized an experimental and
engineering approach that includes measurements of both population and
system-level properties of the periphyton.

2.2.2 Periphyton Sampling Methods

Detailed sampling and research methods are provided in the PSTA Research Plan
(CH2M HILL, April 2001) and are briefly described in this section as well as in
Appendix A. Periphyton species dominance and succession were documented
through routine algal species identification, cell counts, and cell volume esti-
mates throughout the PSTA project period. These cell counts encompassed algal
population conditions during typical successional periods and during a range of
seasonal conditions. Identification, cell counts, and algal biovolume estimates
were made using mixed periphyton samples collected by coring the entire
mesocosm water column. Periphyton populations were not studied on artificial
substrates, such as glass slides, because these devices commonly underestimate
natural periphyton biomass and diversity (Swift, 1981). However, mesocosm
walls were periodically sampled to quantify the effect of this excess surface area
on overall mesocosm ecological function. System-level measurements of
periphyton community structure also included routine sampling for chlorophyll
a, b, and ¢, phaeophytin, dry weight biomass and ash-free dry weight (AFDW).

Sloughing and downstream export of periphyton were measured by filtration of
water exiting experimental PSTAs. Grab samples were filtered on a routine basis
(monthly) to measure particulate matter and particulate P export. One diel
study was conducted in the Porta-PSTAs and Test Cells to provide samples for
export dry weight, AFDW, species composition, cell numbers, and cell volume.

2.2.3 Algal Taxonomic Composition

A total of 371 algal taxa were identified in PSTA periphyton samples collected
in the Porta-PSTAs and in the PSTA Test Cells (see Exhibit 2-1). A total of 106
species were identified in the FSC periphyton samples (Exhibit 2-2). These
species numbers reflected the much larger number of samples analyzed in each
of these test systems rather than an actual difference in diversity. Detailed lists
of the algal cell counts and monthly totals by individual taxa for the three PSTA
research platforms are provided in Appendices C through E. A detailed analysis
of periphyton taxonomy and abundance in the Porta-PSTAs and Test Cells is
provided in Appendix F.

Periphyton community composition was relatively similar at all three research
scales. Based on cell counts, taxa were fairly evenly distributed between diatoms

2-2 DFB31003696450.D0C/030070003
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PSTA Phase 1, 2, and 3 Summary Report

(35 to 37 percent), blue-greens (30 to 41 percent), and greens (21 to 29 percent).
This relatively even distribution of taxa was generally consistent in all of the
shellrock and peat-based PSTA mesocosms. A total of 220 algal taxa were
recorded in the shellrock Test Cell treatments, and 174 taxa were recorded in the
peat-based Test Cell.

A total of 281 algal species were reported in the shellrock Porta-PSTAs,

249 species in the peat Porta-PSTAs, and lower numbers in the other soil
treatments (see Exhibit 2-1 and Appendix C). Part of these differences is attri-
butable to the number of replicates and the longer POR in the shellrock and
peat-based systems. Only 61 algal taxa were observed in the non-substrate
control Porta-PSTAs. Blue-greens were dominant in terms of number of taxa
only in the sand and non-substrate control mesocosms.

In the Field-Scale PSTAs, a greater number of algal species were identified in the
limerock systems over peat than in the scrape-down cell, and fewest in the peat
cell. However, the distribution of taxa between taxonomic groups was similar
for all cells, with blue-greens and diatoms nearly equal, followed by a lower
number of green alga (Exhibit 2-2). The peat cell was sampled for periphyton
only once during the POR because of pump issues resulting in inadequate water
supply. Thus, the periphyton community in FSC-4 was probably not
representative of what might have developed with a more continuous
hydroperiod.

EXHIBIT 2-2
Periphyton Algal Species Diversity in PSTA Field Scale Cells During Phase 3

Number Species Observed

FSC-1 FSC-2 Total FSC-3 FSC-4

Phylum (LR-PE) (LR-PE) (LR-PE) (CR) (PE) Total
Cyanobacteria (Bluegreens) 34 31 40 28 16 44
Chlorophyta (Greens) 12 15 19 8 5 22
Bacillariophyceae (Diatoms) 22 28 33 21 15 39
Euglenophyta (Euglenoids) 1 0 1 0 0 1
Total Number Species 69 74 93 57 36 106

LR-PE = limerock fill over peat

CR = limestone caprock

PE = peat
Exhibit 2-3 summarizes the PSTA average algal cell densities and biovolumes by
major taxa and by treatment for the entire POR. In terms of cell counts, the blue-
green (Cyanophyceae) algal taxa dominated in all treatments. Biovolumes
provide an index of algal biomass. This parameter indicated that populations of
diatoms (Bacillariophyceae) or blue-greens were typically dominant in these
periphyton communities, followed by green (Chlorophyta) algae species. These
relationships were highly variable for different treatments and over time.

Time series trends for algal biovolume are shown on Exhibits 2-4 to 2-7 for the
various substrate treatments. As shown on Exhibit 2-4, algal biovolumes for the
shellrock treatments were variable because of the patchiness of periphyton mats
intersected by core samples and the variability within mats. Algal biovolumes
for these treatments were typically less than 60 cm3/m2. Mean
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EXHIBIT 2-4

Periphyton Ash-Free Dry Weight Biomass, Chlorophyll a, and Algal Biovolumes for the Phase 1 and 2 Shellrock-Based PSTA Treatments

900.0

Phase 1 —p»

Phase 2 —>

=

800.0

700.0 1

600.0 1

500.0

400.0 -

AFDW (g/m?)

300.0

200.0

100.0

0.0
Nov-98

Feb-99

May-99 Aug-99 Dec-99 Mar-00 Jun-00 Oct-00

——STC-2/5 —®— STC-3/6 ---A---PP-2 ==O— PP-4 —%— PP-5/15 —%—PP-6/16 —+— PP-11

Jan-01

Apr-01

600.0

Phase 1 —p»

Phase 2 —p>

500.0

400.0 -

300.0

Chlorophyll a (mglmz)

200.0

100.0

0.0
Nov-98

May-99 Aug-99 Dec-99 Mar-00 Jun-00 Oct-00

——STC-2/5 —®— STC-3/6 - - -A- - -PP-2 —O0— PP-4 —%— PP-5/15 —%— PP-6/16 —+— PP-11

Jan-01

Apr-01

70.00

60.00 1

50.00

Phase 1 — P

Phase 2 —P>

A

40.00

30.00

Biovolume (cm3lm2)

A/

20.00

O WA .

10.00

A

0.00
Nov-98

Feb-99

DFB31003696165.XLS/030070007

T s T T T T

May-99 Aug-99 Dec-99 Mar-00 Jun-00 Oct-00

—+—STC-2/5 —#— STC-3/6 ---A---PP-2 —O— PP-4 —%— PP-5/15 —»— PP-6/16 —+— PP-11]

Jan-01

Apr-01



EXHIBIT 2-5

Periphyton Chlorophyll a and Algal Biovolumes for the Phase 1 and 2 Peat-Based PSTA Treatments
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EXHIBIT 2-6

Periphyton Ash-Free Dry Weight Biomass, Chlorophyll a, and Algal Biovolumes for the Phase 1 and 2 Sand-Based, Aquashade, and No Substrate Control PSTA Treatments
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EXHIBIT 2-7
Periphyton Ash-Free Dry Weight, Chlorophyll a, and Algal Biovolumes for the PSTA Field Scale Cells
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PSTA Phase 1, 2, and 3 Summary Report

values varied from approximately 3 to 30 cm3/m2. No apparent trend in these
biovolumes was observed during the 3-year research period.

Algal biovolumes for the peat-based mesocosms showed an increasing trend
over time (see Exhibit 2-5). Biovolume decreased markedly in the peat Test Cell
when it was restarted in May 2000 and then rapidly recovered to higher
monthly averages. Mean algal biovolumes for the peat-based cells ranged from
approximately 7 to 39 cm3/m?2.

No clear temporal trends in algal biovolume were apparent for the sand treat-
ments. Long-term average values for these treatments were between 18 and

34 cm3/ma2. Average algal biovolumes for the shellrock treatments were rela-
tively low in the Aquashade treatments during Phase 1 (PP-9, 6.3 cm3/m?2 and
PP-10, 7.2 cm3/m?). Average algal biovolumes in the non-soil treatments during
Phase 2 were higher, at 104 cm3/m?for the tank with no substrate and

25 cm3/m? for the tank with Aquamat (see Exhibit 2-6).

Field-scale algal biovolumes were highest during the fall of 2001 when the cells
had been flooded continuously for approximately 5 months (Exhibit 2-7). These
biovolumes declined through the winter and spring and had not yet recovered
completely in the September 2002 samples, approximately 2 months following a
complete dryout period from May through mid-July 2002.

Jan Vymazal (Ecology and Use of Wetlands) examined the PSTA Test Cell and
Porta PSTA periphyton data for similarities and differences with respect to other
Everglades periphyton communities (see Appendix F). Vymazal concluded that
the periphyton communities colonizing the PSTA mesocosms were similar to
those found in unimpacted areas of WCA-2A. The dominant species were those
typically reported from oligotrophic (low P) to slightly eutrophic areas of the
conservation area (McCormick and Stevenson, 1998). These species were charac-
terized by a normal succession of dominants, beginning with Mastogloia smithii
and other diatoms, followed by replacement by blue-green algal species, includ-
ing Scytonema. The time needed for replacement of diatom dominance by blue-
greens may be as long as 1 year under the low P concentrations tested in this
research. Faster succession is observed under higher nutrient loads. Vymazal
noted little effect of peat vs. shellrock substrate on the algal species composition.
In sand treatments, the proportion of blue-green algae was higher. Aquashade
reduced the populations and dominance of blue-greens and decreased
periphyton calcification. Diatom dominance was maintained longer in shallow
water compared to deeper water systems.

2.2.4 Periphyton Biomass and Chlorophyll
Content

Periphyton core samples were also analyzed for dry and AFDW biomass,
chlorophyll 4, and phaeophytin. Exhibit 2-8 summarizes the monthly average
data for these parameters by treatment.

Average periphyton dry weight biomass varied from a low of 30 grams dry
weight per square meter (g DW/m?) in the peat-based Field-Scale cell (FSC-4)
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PSTA Phase 1, 2, and 3 Summary Report

after numerous dryouts, to 303 g DW/m2 in the dry-down PSTA Test Cell
(STC-6), to a high of 2,066 g DW/m? in the calcium-amended peat Test Cell
(STC-4). Periphyton dry weight biomass varied between 303 and 947 g DW /m?
in the shellrock treatments, 30 to 2,066 g DW/m? in the peat treatments, 345 to
622 g DW/m?in the limerock treatments, 663 to 877 g DW/m? in the sand
treatments, 362 g DW/m? in the scrape-down caprock treatment, and 663 to 924
g DW/m? in the non-sediment control treatments. The Phase 1 Aquashade treat-
ments (PP-9 and PP-10) averaged between 713 and 1,641 g DW/m?2. This indi-
cated that the Aquashade treatments were not effective at reducing the esti-
mated biomass in the Porta-PSTA mesocosms, even though algal cell counts and
biovolume were typically much lower in these cells (see Exhibit 2-6).

Final periphyton dry weight biomass was determined in the final destructive
sampling of six Porta-PSTA treatments (CH2M HILL, August 2001). These data
are summarized in Exhibit 2-9. Total final average periphyton dry weight
ranged from 135 g/DW/m? in the peat-based treatment (PP-3) to 2,170 g
DW/m? in one of the sand-based treatments (PP-7). The benthic periphyton was
the main contributor to this biomass in all but one treatment (Aquamat control).
In the non-substrate control (PP-18), there were approximately equal portions of
floating and benthic periphyton mats. These data verified that the routine peri-
phyton biomass results for the peat-based mesocosms (average DW biomass of
657 to 2,066 g/m? in routine samples compared to 135 g/m? in the final destruc-
tive sampling) probably overestimated the overall community biomass in those
treatments.

AFDW biomass varied from a low of 14 g AFDW/m? in the peat-based Field-
Scale cell (FSC-4) with numerous dryouts, to 101 g AFDW /m? in the shellrock
dryout treatment (STC-6), to a high of 1,041 g AFDW /m? in the Porta-PSTA
calcium-amended peat treatment (PP-13). AFDW biomass in shellrock treat-
ments ranged from 101 to 219 g AFDW/m?2, while peat-based systems had
average values between 330 and 1,041 g AFDW /m2. AFDW biomass for the
sand treatments was between 149 and 192 g AFDW /m?, for the limerock
treatment 115 g AFDW/m2, from 171 to 918 g AFDW/m? in the Aquashade
controls, and 175 to 287 g AFDW /m? in the non-substrate controls. The three
limerock or caprock Field-Scale treatments had average AFDW biomasses of 63
to 120 g AFDW/m?2. These low AFDW biomasses values were apparently the
result of the effects of cell maintenance activities (herbicide additions and
dryouts) during the POR for these treatments.

Final periphyton AFDW biomass, also measured in the final Porta-PSTA destruc-
tive sampling, was much lower in the peat-based treatment (PP-3) than in the
other treatments and also much lower than that measured in the routine monthly
cores (see Exhibit 2-9). As noted in the Phase 1 Summary Report (CH2M HILL,
August 2000), the routine peat biomass estimates were high because of the
unavoidable inclusion of some peat sediment in the samples.

Chlorophyll a values provide an estimate of the amount of photosynthetic
matter present in the periphyton samples and avoid the sampling artifact for
biomass estimation in the peat mesocosms (see Exhibits 2-4 to 2-8). Average
chlorophyll a densities ranged from 30 to 256 mg/m?2 in the shellrock treatments.
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EXHIBIT 2-9

Porta-PSTA Periphyton Final Mass Balance Sampling, February 2001
Treatment No. PP-3 PP-4 PP-7 PP-17 PP-18 PP-19
Soil Type Peat Shellrock Sand Sand None AquaMat
Tank Bottom Area (m?) 6 6 6 6 6 6
Dry Weight (g/m?)
Floating Mat/Metaphyton 252 158.2 238.8 229.9 386.0 482.5
Benthic Mat 92.4 552.4 1814.3 810.2 622.0 534.6
Wall Mat 17.2 185.4 116.4 3.3 137.4 203.0
Total 134.8 896.0 2169.5 1043.4 1145.5 1220.0
Ash-Free Dry Weight (glmz)
Floating Mat/Metaphyton 13.0 40.0 58.8 54.6 994 126.8
Benthic Mat 58.3 121.7 167.5 121.2 160.7 129.4
Wall Mat 6.7 52.9 231 1.2 35.6 52.6
Total 78.0 214.7 249.4 177.0 295.7 308.7
Ash Weight (g/m?)
Floating Mat/Metaphyton 12.2 118.2 180.1 175.3 286.7 355.7
Benthic Mat 341 430.6 1645.5 688.4 461.3 383.4
Wall Mat 10.5 132.5 93.2 19.0 101.9 150.4
Total 56.7 681.3 1918.9 882.8 849.8 889.4
Total Phosphorus (mg/m?)
Floating Mat/Metaphyton 17.5 48.8 53.4 65.0 66.8 86.1
Benthic Mat 68.7 307.4 554.7 152.3 96.0 151.5
Wall Mat 8.8 35.3 18.3 23 21.0 35.1
Total 95.0 391.5 626.5 219.6 183.7 272.6
TIP (mg/m?)
Floating Mat/Metaphyton 0.07 0.76 0.28 0.50 0.73 1.21
Benthic Mat 0.60 8.09 3.84 1.78 0.71 1.67
Wall Mat 0.06 0.67 0.21 0.00 0.11 0.19
Total 0.73 9.52 4.33 2.29 1.55 3.07
Calcium (g/m?)
Floating Mat/Metaphyton 4.2 40.4 44.7 43.6 89.7 108.3
Benthic Mat 7.3 99.7 167.7 72.5 145.7 136.5
Wall Mat 3.6 62.7 23.3 0.6 33.2 50.6
Total 15.1 202.9 235.8 116.8 268.5 295.4

DFB31003696165.XLS



PSTA Phase 1, 2, and 3 Summary Report

Average chlorophyll a production ranged from 63 to 206 mg/m? in the peat-
based mesocosms, from 104 to 212 mg/m? in the sand treatments, from 39 to
96 mg/m? in the Aquashade controls, 120 mg/m? in the Porta-PSTA limerock
treatment, and 156 to 246 mg/m? in the non-substrate controls. Chlorophyll a
density was typically lower in the four FSCs (10 to 80 mg/m?) than in the other
treatments. In an earlier analysis, chlorophyll 2 was found to strongly correlate
with algal cell biovolume (CH2M HILL, August 2000).

A limited number of periphyton samples were collected from the Porta-PSTA
walls during Phase 1 and in February 2001, during the final destructive samp-
ling. Visual differences were apparent between mesocosms with and without
high snail densities, with different water depths, and with different emergent
macrophyte densities. The overall Phase 1 average AFDW biomass of wall
periphyton was approximately 36 g AFDW /m? of wall. Biomass values were
typically greater than 50 g AFDW /m?2 in the shellrock treatments, the sand treat-
ments, and the Aquashade controls. Lower wall periphyton biomass amounts
were obtained from Tank 1 (high snail density), Tank 15 (variable water depth),
and Tank 14 (high macrophyte density). This observed wall periphyton biomass
had a high algal component with an average chlorophyll a of approximately

56 mg/m?, an algal biovolume of 125 cm3/m?2, and cell count of approximately
79 billion cells/m?2. Final wall sampling in six Porta-PSTA treatments indicated
that from 0.3 to 21.0 percent of the entire periphyton DW biomass and from 0.7
to 25.0 percent of the AFDW biomass was associated with wall periphyton
(Exhibit 2-9).

Ash weight was a significant portion of the total dry weight in most periphyton
samples, typically accounting for 40 to nearly 90 percent of the total dry biomass.
As a result, PSTA periphyton are placed in the highly calcareous category
according to the classification proposed by Browder et al. (1994) for Everglades
periphyton.

Time series trends for AFDW biomass and chlorophyll a are illustrated in
Exhibits 2-4 to 2-6 for the Test Cell and Porta-PSTA shellrock, peat, and other
treatments, respectively. Shellrock mesocosms were at relatively constant
AFDW biomass levels within 3 months of startup (see Exhibit 2-4). Except in the
dry-out treatments, little seasonal variation in periphyton biomass was
observed. Unlike AFDW biomass, chlorophyll 2 density continued to increase
throughout the POR, except in the dry-out Test Cell treatment (STC-6). As
described above, algal biovolume was highly variable in all of the shellrock
treatments and did not display the clear increasing trend observed in the chloro-
phyll a results.

AFDW biomass for peat-based treatments is not displayed in Exhibit 2-5 because
of the sampling problems described above. Chlorophyll a was higher in the
peatbased Test Cell treatments than in the Porta-PSTAs. No apparent trend in
these data was observed after a preliminary grow-in phase. Chlorophyll a esti-
mates showed an apparent increasing trend in the other peat-based treatments.
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Section 2. Community Development and Viability

No apparent trend in the AFDW estimates was observed in the sand and non-
substrate treatments, but chlorophyll 2 displayed an apparent increasing trend
(see Exhibit 2-6).

Exhibit 2-7 illustrates the time-series AFDW and chlorophyll a data for the four
FSCs. The greatest AFDW, chlorophyll a, and algal biovolume numbers have
been observed in FSC-2, the sinuous limerock fill cell. Lowest numbers for all
parameters were observed in the peat cell (FSC-4). Elevated AFDW in FSC-1
(limerock over peat) did not correspond with low values for chlorophyll 2 and
algal biovolume in September 2002.

In addition to the quantitative periphyton biomass and cell count samples, semi-
quantitative estimates of percent algal mat cover were made. These estimates
were made for floating algal mats and did not include submerged metaphyton
or benthic algal mats. Therefore, these algal mat percent cover estimates were
only an indicator of the prevalence of floating periphyton in these systems.
Floating mats were visually recorded by blue-green (grayish to bluish-green)
and green (bright green) algal dominance.

Exhibit 2-10 illustrates the algal mat percent cover monthly estimates for the
three PSTA Test Cell treatments. Algal mat percent cover was typically domi-
nated by blue-greens rather than greens. Algal mat percent cover increased
more rapidly in the peat treatment than in the two shellrock treatments and then
was restarted during the second project phase. Algal mat percent cover was
higher in the shellrock treatment during the second year than during the first
year. In the dry-out shellrock treatment the algal mat percent cover was clearly
reduced by each of the two dry outs.

Exhibit 2-11 illustrates the algal mat cover estimates for the FSCs. Algal mat
percent cover reached a maximum in January 2002 in the limerock over peat
cells at approximately 9 percent and then declined through the spring and as a
result of the dryout in May through mid-July. The visible floating algal mat
rebounded in FSC-3 (scrape-down caprock) in September 2002, but not in the
other treatments.

2.2.5 Periphyton Chemical Storages and
Composition

Concentrations of calcium, P, and N were routinely measured in the periphyton
samples. Exhibit 2-8 summarizes data for calcium, P (total and total inorganic),
and total Kjeldahl nitrogen (TKN) content of the periphyton. Average periphy-
ton calcium content ranged from 10 to 300 g/m?2, which was confirmed by the
final destructive sampling in selected Porta-PSTA treatments (range of final
average values from 15 to 295 g/m?) (see Exhibit 2-9). The unamended peat-
based PSTAs typically had the lowest calcium density in their periphyton.

Average periphyton TP ranged from 30 to 1,055 mg/m?, and total inorganic
phosphorus (TIP) ranged from below detection to 458 mg/m?2. Final destructive
sampling generally confirmed this range of TP values (95 to 626 mg/m?);

DFB31003696450.D0C/030070003 2-15
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Monthly Algal Mat Percent Cover Estimates in the PSTA Test Cells

EXHIBIT 2-10
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PSTA Phase 1, 2, and 3 Summary Report

however, TIP had a much lower range (0.73 to 9.5 mg/m?). Average periphyton
TKN mass ranged from approximately 0.66 to 16.1 g/m?2.

Exhibits 2-12 and 2-13 present time-series plots of the concentrations of these
elements in the periphyton core samples from selected treatments during the
POR. Periphyton calcium concentrations were relatively consistent between
approximately 100 and 400 g/kg (10 to 40 percent).

Calcium was relatively abundant in the EAA runoff, with average inflow
concentrations of 69 mg/L at the South ENRP Test Cells, 60 mg/L at the Porta-
PSTA mesocosm site, and 73 mg/L at the Field-Scale site. Calcium is important
in P dynamics because of its potential for co-precipitation with P as a result of
periphyton metabolism (Browder et al., 1994). Calcium concentrations were
generally slightly greater in periphyton in shellrock treatments than in organic
soil and sand treatments. Average calcium content on a DW basis increased from
approximately 20 percent during Phase 1 to 30 percent during Phase 2 in the
shellrock PSTA Test Cell (STC-2/5); in the peat Test Cell (STC-1/4), average
calcium content increased from 16 to 20 percent. Average periphyton calcium
concentration was approximately 10 to 14 percent in the Porta-PSTA peat
treatments, 22 to 28 percent in the shellrock treatments, 17 to 20 percent in the
sand treatments, and 22 percent in the limerock treatment. Calcium content of
periphyton in the non-soil controls was 21 percent. Periphyton calcium content
in the PSTA FSCs ranged from approximately 21 percent to 34 percent, with the
highest value recorded in the peat-based cell. Calcium in the periphyton of
selected Porta-PSTAs was inventoried in February 2001 as part of the destructive
sampling (CH2M HILL, August 2001). Average calcium content was 15 percent
in the peat treatment, 22 percent in the shellrock treatment, 11 percent in the
sand treatment, and 23 to 24 percent in the treatments without soils. The wall
and floating mat periphyton typically had two to three times as much calcium as
the benthic periphyton in these systems, except for the non-soil controls where
the concentrations were approximately equal.

Periphyton TP and TIP time series data are also presented in Exhibits 2-12 and
2-13 for representative Test Cells and Porta-PSTA treatments. In the Test Cells
and Porta-PSTAs, monthly periphyton TP estimates were typically lowest in the
peat and sand treatments and highest in the shellrock treatments. The opposite
trend was observed in the FSCs, where higher TP concentration was observed in
the peat-based cell than in the limerock cells (see Exhibit 2-13).

No consistent trend in periphyton P concentrations was observed; however, an
increasing trend was apparent for some treatments. Average TP concentrations
for shellrock treatments were between 554 and 1,440 mg/kg, and average TIP
ranged from 212 to 479 mg/kg. In the peat treatments, the average TP in the
periphyton ranged from 346 to 793 mg/kg, and TIP ranged from 88 to 220 mg/
kg. TP in the sand treatment ranged from 205 to 385 mg/kg, and TIP averaged
36 to 65 mg/kg. Periphyton TP leveled off in the limerock Field-Scale treatment
at approximately 300 mg/kg, while the peat treatment increased from approxi-
mately 650 to nearly 2,000 mg/kg during the POR. TIP for all of the Field-Scale
treatments were more similar and steady between approximately 40 and 90 mg/

kg.
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EXHIBIT 2-12
Trends for Calcium, TP, TIP, and TKN in Periphyton Samples from Selected PSTA Phase 1 and 2 Mesocosms
(STC-1/4 and PP-1/13: Peat/Peat (Ca); STC-2/5 and PP-2: Shellrock; PP-14: Limerock; PP-8/17: Sand/Sand (HCI
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EXHIBIT 2-13

Trends for Calcium, TP, TIP, and TKN in Periphyton Samples from the PSTA Field Scale Cells
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Section 2. Community Development and Viability

Final destructive sampling in selected Porta-PSTAs in February 2001 found an
average of 561 mg/kg TP in the peat treatment, 435 mg/kg in the shellrock
treatment, 289 mg/kg in the sand treatment, and 223 to 230 mg/kg in the non-
soil treatments. Final TIP concentration was 94 mg/kg in the peat treatment, 180
mg/kg in the shellrock treatment, 21 to 41 mg/kg in the sand treatments, and 43
to 72 mg/kg in the non-soil treatments. The benthic periphyton typically had
higher TP and TIP concentrations than the wall and floating periphyton in these
treatments, with the exception of the acid-rinsed sand treatment.

Time series data for periphyton TKN from selected PSTA treatments are also
presented in Exhibits 2-12 and 2-13. TKN concentrations in the periphyton
generally increased over time. Average TKN concentrations ranged from 5,889
to 21,242 mg/kg in the peat treatments, 1,462 to 11,425 mg/kg in the shellrock
treatments, 2,614 to 4,897 mg/kg in the sand treatments, and 3,320 to 6,925 mg/
kg in the non-soil treatments. The TKN content of the Field-Scale periphyton fell
from a range of 8,000 to 11,000 mg/kg in November 2001 to less than 2,000 mg/
kg in January and April 2002 and then climbed back to approximately 6,000 to
7,000 mg/kg in September 2002. No periphyton TKN data were available from
the peat FSC.

These periphyton TKN averages were low for algae (typically greater than 1 to
3 percent or 10,000 to 30,000 mg/kg [Vymazal, 1995]) and provided an
indication that a general lack of N availability may have been contributing to
low algal growth rates in these mesocosms (discussed in Section 2.5).

2.2.6 Algal and Suspended Solids Export

Algal export was estimated from measurements of total suspended solids (TSS) in
the outflow from the PSTA mesocosms. Exhibit 2-14 summarizes the treatment
means for inflow and outflow TSS during the operational period. Long-term
average outflow TSS concentrations typically ranged from 2.0 to 6.3 mg/L. The
average outflow TSS concentration was greater than the average inflow level for
several treatments. The results of the diel sampling study conducted in selected
Porta-PSTAs on October 5 and 6, 1999 (CH2M HILL, August 2000), indicated a
living algal cell component in these exported solids. Based on this single diel
study, no clear pattern of algal export as a function of the day-night cycle was
observed.

2.3 Macropﬁyte Communities

Macrophyte invasion in PSTAs is likely to be greatest under antecedent con-
ditions of relatively high available soil P (>5 to 10 mg/kg total labile P) and
whenever inflow P concentrations are high (>30 to 50 pg/L). Under those con-
ditions, larger-scale PSTA systems are not likely to remain free of macrophytes
without significant intervention. It is less likely that macrophyte invasion and
dominance will be a significant issue for PSTA operation and management
under low soil P conditions and near the downstream end of a treatment train,
where P concentrations have already been reduced to less than 15 to 20 ug/L.
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EXHIBIT 2-14

Average Inflow and Outflow TSS Concentrations in the PSTA Test Systems

Total Suspended Solids (mg/L)

Treatment Phase Substrate Depth HLR In Out Net Change
PP-1 1 PE D L 2.0 3.7 -1.7
PP-2 1 SR D L 2.1 4.5 -2.4
PP-3 1,2 PE S L 25 29 -0.4
PP-4 1,2 SR S L 2.7 3.5 -0.8
PP-5 1 SR D H 2.0 3.2 -1.2
PP-6 1 SR \Y, \Y 1.9 3.6 -1.6
PP-7 1,2 SA D/S L 2.8 2.3 0.5
PP-8 1 SA S L 2.0 3.8 -1.8
PP-9 1 PE (AS) D L 1.7 4.1 -2.4
PP-10 1 SR (AS) D L 3.0 5.1 -2.1
PP-11 1,2 SR S L 25 4.8 -2.3
PP-12 1,2 PE S L 2.6 4.7 -2.1
PP-13 2 PE (Ca) S L 4.9 4.4 0.5
PP-14 2 LR S L 5.5 2.6 29
PP-15 2 SR S R 4.7 3.3 1.3
PP-16 2 SR Y Vv 2.7 2.5 0.2
PP-17 2 SA (HCI) S L 4.0 3.1 0.9
PP-18 2 None S L 4.0 2.6 14
PP-19 2 AM S L 3.8 4.2 -0.4
STC-1 1 PE D L 3.0 2.7 0.3
STC-2 1 SR D L 3.1 4.0 -1.0
STC-3 1 SR Y Vv 2.9 6.3 -3.5
STC-4 2 PE (Ca) D L 3.7 4.7 -1.0
STC-5 2 SR D L 3.4 3.8 -04
STC-6 2 SR V V 3.4 2.7 0.7
FSC-1 3 LR-PE S H 9.3 2.0 7.3
FSC-2 3 LR-PE S H 12.7 3.1 9.6
FSC-3 3 CR S H 5.3 3.3 2.0
FSC-4 3 PE S H 3.6 3.4 0.2

Notes:

Substrate: PE = peat, SR = shellrock, LR = limerock, SA = sand, None = no substrate, AM = Aquamat, AS = Aquashade, LR-

PE = limerock fill over peat, CR = scrape-down to limestone caprock
Depth: S = shallow (30 cm), D = deep (60 cm), V = variable (0-30 cm or 0-60 cm)
HLR: L = low (6 cm/d), H = high (12 cm/d), V = variable (0-6 cm/d or 0-12 cm/d), R = recirculate
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Section 2. Community Development and Viability

Sparse macrophyte communities are likely to help maintain higher periphyton
populations by providing attachment sites and anchoring against wind-induced
periphyton movement. Existing periphyton-dominated plant communities in
the Everglades invariably have associated macrophytes, typically spikerush

(E. cellulosa) and bladderwort (Utricularia spp.). For these reasons, the PSTA Test
Cell treatments were intentionally planted with spikerush and bladderwort.
One goal of the PSTA project was to document the growth rate and density of
these macrophytes, as well as other volunteer plant species, and to attempt to
identify a macrophyte density and control strategy that optimizes periphyton
development and overall system P removal performance.

Exhibit 2-15 summarizes the PSTA POR average macrophyte percent cover and
biomass results. Detailed monthly data are provided in Appendices C through
E. Cover numbers are visual estimates for comparison purposes and do not
provide an exact assessment of total leaf cover. Plant cover is estimated for more
than one plant stratum, if present, and estimated total plant cover values may be
greater than 100 percent. The routine biomass values summarized in

Exhibit 2-15 are from plants collected in periphyton core samples. Live stems
were visually estimated in the smaller mesocosms.

Average total macrophyte plant cover varied from as little as 0 to 2 percent in
the non-soil and Aquashade treatments, to 124 percent in the shellrock Test Cell
Treatment (STC-5). Macrophyte cover was typically highest in the peat-based
Porta-PSTAs compared to the other soil treatments. Cover was dominated by
spikerush because cattail seedlings were routinely pulled from the tank-based
mesocosms. Submerged aquatic plants (Chara and bladderwort) were typically
less than 15 percent cover in the Porta-PSTAs, but were more prevalent in the
PSTA Test Cells with average cover values ranging from 18 to 83 percent.
Emergent macrophyte cover in the PSTA Test Cells and FSCs was controlled to
some extent by herbicide additions. These efforts were focused on removing
invasive cattails and upland plants that colonized some of the FSCs during
dryout. Macrophyte management activities in the PSTA systems can be
reviewed in the Key Date Summary (Appendix A).

In the PSTA test systems with macrophytes, average biomass varied from 3 to
582 g DW/m?2. Average macrophyte biomass in the FSCs ranged from 27 to

271 g DW/m?2. Test Cell emergent macrophyte cover averaged between 15 and
41 percent. While spikerush accounted for most of this cover, volunteer cattails
were a significant fraction of the total cover. Cattails were not controlled in any
of the PSTA Test Cells during Phase 1. Cattails were pulled from the peat-based
PSTA Test Cell between Phase 1 and Phase 2. Some herbicide control of cattails
was conducted in all of the PSTA Test Cells during Phase 2.

Final destructive sampling in selected Porta-PSTAs indicated macrophyte
biomass values of 688 g DW/m?2for the peat treatment (PP-3), 381 g DW/m?2 for
the shellrock treatment (PP-4), and from 225 to 253 g DW/m2 for the sand treat-
ments (PP-7 and PP-17) (CH2M HILL, August 2001). Above- and belowground
macrophyte biomass was estimated in those treatments, with typically 23 to

32 percent of the DW biomass belowground.
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Section 2. Community Development and Viability

Submerged aquatic plant cover in the PSTA Test Cells ranged from 18 to
83 percent. This volunteer SAV cover was dominated by Hydrilla (Hydrilla
verticillata), and the macro-algae Chara [Chara sp.]. Some bladderwort was
present in the PSTA Test Cells.

Macrophyte live and dead stem densities were also monitored in the Porta-
PSTA treatments throughout the project. In the mesocosms with macrophytes,
the number of live spikerush stems averaged from 3 to 322 stems/m?2. Peat-
based mesocosms had average stem counts between 48 and 322 stems/m?.
Shellrock tanks had averages between 7 and 243 stems/m?, and sand tanks had
between 3 and 37 stems/m?2. Final stem counts in the peat and shellrock treat-
ments (PP-3 and PP-4, respectively) in February 2001 found 158 live stems/m?2 in
the peat and 89 stems/m? in the shellrock. Standing dead stems were also
counted and included 364 stems/m?2 in the peat and 119 stems/m? in the
shellrock.

Time series plots of live stem densities in the Porta-PSTAs are provided in
Exhibit 2-16. It is important to note the differences in the vertical scales on these
three exhibits. In shellrock treatments, stem densities typically remained less
than 100 stems/m? during the first year but then continued to increase during
Phase 2. The highest stem densities were approximately 100 to 300 stems/m?2 in
the consistent 30-cm treatments, including the recirculation treatment. Stem
densities increased more rapidly in the peat treatments with the consistent
30-cm water depths, leveling off at approximately 400 live stems/m2within
approximately 6 months after startup and continuing through the end of the
18-month operational period. Macrophyte stem densities were not estimated in
the PSTA Test Cells.

Exhibit 2-17 illustrates the time series trends in macrophyte cover for the peat
and shellrock PSTA Test Cell treatments with stable water depths. Emergent
macrophyte cover increased more rapidly in the peat treatment than in the
shellrock treatment and was dominated by cattails. At the beginning of Phase 2,
all of the cattail biomass in the peat treatment was removed when the treatment
was restarted in March 2000. This allowed the shellrock treatment macrophyte
cover to outstrip the peat cell for most of the second year of operation, but by
the end of that period the peat cell emergent cover was comparable to the
shellrock Test Cell. Submerged macrophyte cover estimates are also summar-
ized for these two PSTA Test Cells in Exhibit 2-17. SAV rapidly invaded the
60-cm PSTA Test Cells during Phase 1, with the fastest growth by Hydrilla in
the peat-based Test Cell. It took only 3 to 4 months for SAV to reach 90 percent
or higher estimated cover in the peat-based PSTA Test Cells. By the end of the
second year, both of these cells were nearly completely colonized by SAV, with
Hydrilla dominant in the peat-based cell and Chara in the shellrock cell.

Exhibit 2-18 summarizes time-series data for estimated macrophyte cover in the
FSCs. Fairly low cover of emergent macrophytes was maintained throughout
the POR. With the exception of FSC-4 (peat-based), SAV cover was typically
higher than emergent macrophyte cover. Dominant SAV in these cells was
Chara.
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EXHIBIT 2-16
Macrophyte Live Stem Counts for the Porta-PSTA Mesocosm Treatments
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EXHIBIT 2-17
Macrophyte Plant Cover Estimates for the PSTA Test Cells
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EXHIBIT 2-18

PSTA Field-Scale Macrophyte Plant Cover Estimates
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Section 2. Community Development and Viability

A key finding from the PSTA Research and Demonstration Project was that the
former agricultural soils in the peat-based test systems were extremely suscep-
tible to rapid colonization by cattails from the existing seed bank, even under

2 feet of water, and from the spread of submerged aquatic plants introduced
from the feed water from STA-1W and STA-2. Factors that appeared to reduce
macrophyte colonization were the soil type (much slower on limerock, sand,
and shellrock than on the peat), water depth (faster emergent growth in shallow
water than in deep water; faster SAV colonization in deeper water), and dry-out
(significant emergent and SAV macrophyte cover decrease in treatment

STC-6 during fall-winter dry-out and in FSC-4 during summer dryout).

2.4 Faunal Populations

There was minimal focus on the estimation of the faunal components of the
PSTA test systems. However, many invertebrates and a few vertebrate animal
species were observed in the PSTA Test Cells, Porta-PSTAs, and FSCs. The most
visible consumers in the Porta-PSTAs were two species of snails that attained
significant population densities in a limited number of the tanks. In order of
relative dominance, the two snail species were Helisoma spp. and Physa spp.
Counts were conducted on five dates to quantify the snail population. Snails
were counted and removed.

Exhibit 2-19 summarizes the results of these snail counts. All of the numbers in
this exhibit are minimum estimates because of the difficulty of seeing all of the
snails. Counts from March 2000 represented the populations of snails harvested
from the mesocosms at the end of Phase 1. The highest average snail densities
were measured in Porta-PSTA treatments PP-6/16 (variable water regime shell-
rock), PP-5/15 (high load/re-circulation shellrock), PP-8/17 (sand), and PP-12
(shallow peat). The highest average density was 77 snails/m?2 of bottom area.
Average snail weights were determined for the March 2000 samples. The
average snail weight was 0.29 g DW per snail. Based on this conversion, the
highest snail biomass values averaged approximately 27 g DW/m?2in PP-8
(60-cm sand) and more than 6 to 15 g DW/m? in the other tanks with high snail
densities.

These high snail densities were observed to dramatically modify the periphyton
macroscopic structure. Wall and benthic periphyton mats were nearly elimi-
nated in the tanks with high snail counts. Coherent periphyton mats were
replaced by a flocculent collection of snail castings. The effects of this high snail
productivity on P removal are discussed in Section 3.

No similar snail population increases were observed in the Test Cell PSTA
mesocosms or in the FSCs, and it is currently hypothesized that this phenom-
enon may be an effect of the relatively small scale of the Porta-PSTAs and the
resulting absence of a snail predator population. Optimal snail grazing is
thought to maximize primary productivity in adapted spring ecosystems in
Florida (Knight, 1983). Higher consumer levels must regulate snail densities to
provide this stimulatory effect. The observation that snail density can signifi-
cantly affect periphyton viability indicated that it may be important to pay
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Section 2. Community Development and Viability

more attention to this trophic level during future PSTA research and
development efforts.

2.5 Community
Metabolism/Productivity

Aquatic ecosystems contain numerous biological processes that consume and
produce DO. The oxygen-consuming processes are referred to as community
respiration (CR) and include cellular metabolism and decomposition processes.
The oxygen-producing processes are referred to as primary productivity and
include photosynthetic activities of submerged algae and plants in response to
PAR or the input of light that can be used by the plants. These community-level
metabolism measurements are indispensable for determining turnover of this
ecological community.

Periphyton gross and net production have been routinely measured based on
upstream-downstream diurnal DO profiles, corrected for atmospheric diffusion
(Odum, 1956; Odum and Hoskins, 1957). These oxygen changes must be cor-
rected for the effects of diffusion of oxygen into or out of the water column.
Diffusion rate was not measured in the PSTA mesocosms until Phase 2. A value
of 0.1 g O/ m2/hr was initially used for correcting observed changes in the
Phase 1 report (CH2M HILL, August 2000). This is a typical diffusion rate
observed under relatively low flow conditions. Floating-dome diffusion studies
were conducted in several of the Porta-PSTA and PSTA Test Cell mesocosms
during Phase 2 (CH2M HILL, July 2002). Diffusion rates were found to be
affected by nominal velocity and mesocosm size. Average diffusion rates used
for correction of metabolism data for this final report are:

e Porta-PSTAs = 0.005 g O/ m2/hr

e Porta-PSTA with re-circulation = 0.011 g O2/m2/hr
e PSTA Test Cell =0.009 g O2/m?2/hr

¢ TField-Scale PSTA Cells = 0.01 g O2/m?2/hr

Changes in DO content of the water column during a daily period can be used
to estimate the processes of CR and photosynthesis. The combination of respira-
tion and photosynthesis is called community metabolism (CM). This is also
equal to gross primary production (GPP), a measure of the total oxygen fixed by
the ecosystem. Respiration continues throughout the daylight and nighttime
hours and is reported as CR. The difference between CM or GPP and CR is
called net primary production (NPP). NPP can be reported for the full 24-hour
day or just for the daylight portion (NPP day). The 24-hour NPP is an estimate
of the accumulation of fixed organic matter. The approximate conversion
between oxygen and carbon is 1:1 (Odum, 1971). The conversion between
oxygen and AFDW is approximately 1:2. GPP is sometimes expressed as an
efficiency by dividing the GPP converted to kilocalories (kcal) assuming a con-
version of approximately 10 kcal/g O, (Odum, 1971) and converting PAR to
kcal by the assumption that one Einstein (mole of photons) is equal to 52.27 kcal.
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It is important in this study to note that CM estimates do not include above-
water productivity or respiration. However, they do include respiration by
emergent macrophyte roots and sediment oxygen demand.

Exhibit 2-20 summarizes the ecosystem metabolism estimates in the submerged
portions of the ecosystem for all of the PSTA treatments for the POR. On the
basis of these measures of primary productivity, relatively low net production is
implied in spite of the visually observed and well-documented biomass produc-
tion. High sediment oxygen demand is suggested, especially for the peat-based
treatments.

Long-term average GPP ranged from 1.76 to 2.91 g O,/m?2/d in the peat-based
mesocosms. However, average estimated NPP ranged from -0.18 to 0.02 g
O2/m?/d in these peat-based mesocosms. This negative to zero net production,
in spite of the clear net production of plant biomass in these mesocosms,
indicates that the peat soils were resulting in a sediment oxygen demand and
root respiration. The P:R ratio, an indication of the autotrophic:heterotrophic
nature of the ecosystems in the mesocosms, was typically close to 1.0 in the peat
tanks. This was another indication of the heterotrophic dominance in these tanks,
possibly from oxidation of peat soils. Estimated ecological efficiencies ranged
from approximately 1.0 to 2.0 percent in these peat-based mesocosms.

Long-term average GPP ranged from 1.01 to 3.34 g O/ m?/d in the Phase 1 and
2 shellrock-based mesocosms. Average NPP ranged from -0.18 to 0.04 g
O2/m2/d. In sharp contrast to Phase 1 when there was a positive net produc-
tivity in all of the shellrock treatments, little to no net production was indicated
in any of these treatments over the entire POR. The P:R ratio in the shellrock
mesocosms ranged from 0.42 to 1.02 . Estimated ecological efficiencies ranged
from approximately 0.6 to 1.8 percent in these mesocosms. Sediment oxygen
demand and decomposition of initial soil organic matter may also be indicated
by these data.

The Phase 1 and 2 sand-based mesocosms had similar GPP rates to the other
treatments and consistently positive NPP rates, probably indicating less
sediment or root oxygen demand in these relatively clean (organic-matter-free)
soils. The Aquashade control metabolism rates are of special interest. Low GPP
rates in these tanks (0.35 to 0.39 g O»/m?2/d) confirm their low levels of algal
productivity, but relatively high CR rates (0.67 to 1.12 g O/ m?/d) indicated the
presence of an active microbial community. The P:R ratios in these tanks (0.35 to
0.52) were indicative of a strongly heterotrophic community.

The Phase 3 limerock-based treatments (FSC-1 and FSC-2) had relatively high
average levels of GPP and CR (2.51 to 3.70 g O>/m?/d) and were slightly
autotrophic as indicated by P:R ratios greater than 1.0 and slightly positive NPP
(24 hr). Estimated ecological efficiencies were higher than for any other PSTA
treatments.

The Phase 3 caprock FSC (FSC-3) had lower GPP and CR than the limerock cells
and had a slightly negative estimated NPP (24 hr). Periphyton and SAV
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PSTA Phase 1, 2, and 3 Summary Report

cover and biomass were generally lower in this cell than in the adjacent limerock
cells.

Exhibits 2-21 to 2-24 illustrate the temporal pattern of ecosystem metabolism in
selected PSTA treatments. GPP (below water) in the peat soil mesocosms gen-
erally declined as macrophyte cover increased. This equated to an increasingly
negative NPP in STC-1/4 and PP-3. When the emergent plants were removed
from STC-4 at the beginning of Phase 2, the GPP instantly rebounded to high
levels. As submerged macrophytes re-colonized this mesocosm (see

Exhibit 2-17), the GPP quickly rebounded but again dropped off as emergent
percent cover gradually increased. The GPP of the shellrock treatments shown
in Exhibit 2-21 followed the annual solar cycle. It is interesting to note that NPP
rates and the P:R ratio in the PSTA Test Cells appeared to decline during the last
8 months of the Phase 2 project period. This appears to be a result of decreasing
GPP during the fall/ winter seasons.

Exhibit 2-22 illustrates that GPP was higher in the limerock Porta-PSTA
treatment than in the non-soil treatments. NPP was not very different between
these treatments, and the P:R ratio averaged around 1.0 for limerock and non-

soil control tanks. The Field-Scale limerock treatments responded similarly
(Exhibit 2-24).

Exhibit 2-23 presents the community metabolism data for the variable water
regime PSTA treatments. GPP and NPP appeared to increase following the first
dry-out in late spring and declined after the fall/winter dry-out. The P:R ratio
was typically near 1.0 for these treatments.

The GPP rates measured in this PSTA research were similar to values measured
in submerged periphyton communities in WCA-2A (DWC, 1995) and elsewhere
in the Everglades (Browder et al., 1994). DWC (1995) reported a range of GPP
estimates between 5 and 14 g O./m2/d in WCA-2A. Browder et al. (1994)
summarized GPP data for a variety of Everglades periphyton studies that gave
ranges between minimum and maximum values approximately 0.4 to 14 g
O2/m?/d. Typical average GPP values measured in the Everglades are
approximately 1to 5 g O>/mz2/d.

2.6 Summary of PSTA Viability

The small and large-scale PSTAs tested during this research and development
project met all of the criteria of viability. Normal periphyton algal species
assemblages typical of low-P Everglades waters became established at all three
research scales. PSTAs displayed understandable community-level responses to
environmental forcing functions, such as sunlight and antecedent soil chemistry,
interacted with macrophyte plant communities in predictable ways, and
contained faunal components that are important in elemental cycling and
community structure.

This research effort demonstrated that periphyton-dominated ecosystems can be
established in less than 1 year. Invasion by emergent macrophytes, both desir-
able and undesirable species, was problematic but not insurmountable. Use of
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EXHIBIT 2-21

Temporal Pattern of Community Metabolism in Phase 1 and 2 Peat and Shellrock PSTA Treatments
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EXHIBIT 2-22

Temporal Pattern of Community Metabolism in Limerock, No Substrate, and Aquamat PSTA Treatments during Phase 2
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EXHIBIT 2-23

Temporal Pattern of Community Metabolism in Phase 1 and 2 Variable Water Depth PSTA Treatments
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EXHIBIT 2-24
Temporal Pattern of Community Metabolism in the Phase 3 PSTA Field-Scale Cells
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Section 2. Community Development and Viability

low available-P antecedent soils reduced the rate of macrophyte colonization.
Water depth control (increased water levels to lower macrophyte growth rates)
is another tool that might be useful for decelerating the rate of emergent macro-
phyte growth. Both emergent and submerged macrophytes are not likely to be
favored in PSTAs at the low end of the P concentration gradient.

Although a large periphyton biomass quickly developed on previously farmed
peat (organic) soils, this periphyton community was relatively quickly domi-
nated by volunteer or planted emergent and submerged macrophytes. For this
reason, use of un-amended peat soils with high antecedent labile P content will
likely require the greatest level of management to support a periphyton-
dominated plant community. Soil selection for PSTA development is a cost
issue, either initially to avoid unsuitable soils or during operation to control
emergent macrophytes that tend to mine P from the soils and inhibit periphyton
dominance. This high operational cost is not anticipated for peat soils with low
antecedent concentrations of labile P.

On inorganic soils such as limerock, caprock, shellrock, and sand, the resulting
periphyton community was viable after less than 1 year of development, and
was similar in composition to natural Everglades periphyton communities. Such
inorganic-soil-based communities also maintained an acceptable partial cover of
emergent macrophytes with fewer cattails. High periphyton biomass and
density was compatible with the spikerush populations established in the
limerock and shellrock-based PSTAs. However, a shellrock or limerock-based
system with dry-out appears to be the most viable-appearing PSTA because of
reduced cover by both emergent and submerged macrophytes.
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SECTION 3

Phosphorus Removal
Performance and
Effectiveness

3.1 Introduction

A primary objective of the PSTA Research and Development
Project was to determine the effectiveness of this type of plant
community for reduction of P loads to downstream surface
waters. For the PSTA concept to be viewed as a useful P ad-
vanced treatment technology, it must be able to reduce con-
centrations and mass of TP in a predictable fashion. This P
removal effectiveness must be repeatable based on specific
design criteria, such as wetted area, substrate type and ante-
cedent conditions, water depth, and flow rate. The main factors
that control PSTA performance must be known to allow a
defensible evaluation of the cost of full-scale implementation.

To be considered optimally effective, PSTAs must be able to:

e Lower average concentrations of TP to levels protective of
downstream wetland and aquatic ecosystems. The
planning-level target is an average of 10 ng/L TP.

e Reduce P mass load at a high enough rate to allow full-
scale implementation within a realistic footprint.

e Perform TP removal in a predictable fashion that allows for
successful design and reliable performance.

e Provide treatment under varying input load conditions.

¢ Recover from drought or flood conditions and return to a
high level of performance within a reasonable time frame.

¢ Continue to perform into the foreseeable future with an
affordable level of routine maintenance.

This section summarizes the Phase 1, 2, and 3 project findings
related to the effectiveness of PSTA for P reduction in agricul-
tural runoff.

DFB31003696453.D0C/030070009 31
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3.2 Phosphorus Inflow
Concentrations

Exhibit 3-1 summarizes the average data for various forms of P in the inflows to
the PSTA test systems for the POR. The average inflow TP ranged from a low of
21.6 pg/L at the FSCs to 25.7 pg/L at the Porta-PSTAs. On average, approxi-
mately 43 to 62 percent of this TP was in the dissolved form, and the remainder
was particulate P. Average DRP was 4.1 pg/L at the FSCs, 5.3 ng/L at the PSTA
Test Cells, and 6.1 ng/L at the Porta-PSTAs.

As illustrated in Exhibits 3-2 and 3-3, inlet P concentrations were variable
throughout the project period. While mean TP concentrations were similar at all
three sites, TP reached maximum concentrations at the PSTA Test Cells during
the late summer and fall of 1999 and mid-summer of 2000, while maximum TP
values were recorded at the Porta-PSTAs in the spring of 1999 and throughout
the first half of 2000. Highest TP concentrations were observed at the FSCs in the
spring and late summer of 2002. These differences in TP inflow concentrations
resulted from complex temporal variations in the concentrations of total dis-
solved phosphorus (TDP) and total particulate phosphorus (TPP) in the various
inlet water supplies.

Exhibit 3-4 illustrates the net change in concentrations of various P forms
between the raw water supply and the inflow sampling locations in the Phase 1
and 2 PSTA test systems. These data indicate that concentrations of TP were
slightly reduced in the PSTA Test Cell inlet manifolds (average reduction of

1.6 ng/L) and in the Porta-PSTA manifolds (average reduction of 2.2 ug/L). The
median reduction in TP concentration was approximately 1 ug/L at both sites. A
similar decline was observed at the Field-Scale PSTA inflow canal where the
average TP declined from approximately 24.5 to 20.4 pg/L between the inlet to
the first cell (FSC-1) and the inlet to the final cell (FSC-4). TPP showed the
greatest reduction between the feed water and the PSTA cell inlets, and dis-
solved organic phosphorus (DOP) increased by a lesser amount. The increase in
TDP was less than the increase in DOP because of a slight decrease in the
concentration of DRP. These types of subtle water quality changes are likely to
occur in any full-scale raw water delivery system. Because source water TP
concentrations were at times averaged in with PSTA cell inflow concentrations
(when no specific inflow sample was available on the same date), the mass
reductions described in this section partially incorporate these changes into the
calculated performance estimates.

3.3 Phosphorus Removal Performance
3.3.1 Performance Periods

P outflow concentrations from the PSTA test systems were variable over the
study period. Inlet and outlet P time-series plots for each mesocosm are
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EXHIBIT 3-2

Time Series of Input Concentrations of TP, TDP, TPP, DOP, and DRP in Source Water at the Phase 1 and 2 PSTA Test
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TP = total phosphorus

TDP = total dissolved phosphorus
DOP = dissolved organic phosphorus
TPP = total particulate phosphorus
DRP = dissolved reactive phosphorus
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EXHIBIT 3-4

Difference Between Water Samples Collected from the Head Cell and Head Tank Stations and PSTA Inflow Stations for Phases 1 and 2
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EXHIBIT 3-4
Difference Between Water Samples Collected from the Head Cell and Head Tank Stations and PSTA Inflow Stations for Phases 1 and 2
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PSTA Phase 1, 2, and 3 Summary Report

provided in Appendices C to E. PSTA performance data are summarized in this
report for two operational periods, as described in Exhibit 3-5. The POR includes
data for the entire testing period for each PSTA treatment. PSTA performance
estimates for the POR present a very conservative view of P removal capability.
This dataset includes the end of soil and plant growth startup phenomena.

The “Optimal Performance Period” (OPP) included a subset of the PSTA data
for the non-startup portion of the POR for each experimental platform (Porta-
PSTA tanks, PSTA Test Cells, and Field-Scale PSTA cells). The startup period
prior to the OPP was typically 5 to 6 months in length. Performance estimates
during the OPP were generally better than for the POR and represented an
estimate of the long-term or steady-state P removal after completion of short-
term startup phenomena.

3.3.2 Concentration Cﬁomges

Exhibit 3-6 summarizes the mean, median, maximum, and minimum concen-
trations for each P form during the POR. Exhibit 3-7 provides a similar summary
for the OPP. The lowest POR average outflow TP concentrations were 11.7 pg/L
for STC-5 (Phase 2 data only, which did not include any start-up effects),

14.2 pg/L for PP-17 (the sand-based Porta-PSTA with HCl rinse), 14.9 pg/L for
FSC-3 (the scrape-down to caprock FSC), 15 pg/L for FSC-2 (the sinuous lime-
rock FSC), 15.2 pg/L for PP-19 (the Aquamat [no soil] treatment), and 15.8 pg/L
for PP-10 (shellrock-based Aquashade treatment) and PP-14 (limerock treat-
ment). Median TP outflow concentrations were typically approximately 1 to

3 ng/L lower than average values. The POR median outflow TP concentration
for STC-5 (shellrock Test Cell) was 11 pg/L. Minimum weekly TP values less
than 10 ng/L were observed in 13 of the 25 PSTA treatments and in one Field-
Scale treatment. POR average DRP values were less than 3.5 ug/L in all of the
PSTA treatments, except for the Field-Scale peat system (4.4 pg/L).

Mean TP outflow concentrations for the OPP ranged from approximately 11.4 to
31.5 pg/L. Lowest mean outflow TP concentrations during the OPP were

11.4 pg/L for PP-17 (HCl-rinsed sand), 11.7 pg/L for STC-5 (shellrock), 13 ng/L
for PP-2 (shellrock 60 cm), and 13.8 pg/L for PP-19 (Aquamat). Approximately
4 to 10 ng/L of this P was in the DOP form, and 4 to 8 ug/L was in the TPP
form. All mean DRP outflow concentrations in the Phase 1 and 2 vegetated
treatments were 2.2 ng/L or less. Average DRP outflow concentrations from the
FSCs ranged from 3.0 pg/L in FSC-2 (sinuous limerock) to 5.1 pg/L in the peat
cell (FSC-4).

3.3.3 Mass Removal

P mass loadings are a function of both inflow concentration and HLR.

Exhibit 3-8 summarizes the average TP mass loading and removal data from the
PSTA mesocosms based on the OPP described above. Inflow numbers in Exhibit
3-8 may be different than values in Exhibit 3-7 because head cell, head tank, and
inflow canal numbers are averaged in with cell inflows to prepare these mass
balances. OPP TP mass loadings averaged between 0.38 and

3-8 DFB31003696453.D0C/030070009
W022003001DFB
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Section 3. Phosphorus Removal Performance and Effectiveness

1.55 g/m?2/yr. Removal rates for the OPP averaged between 0.063 and 0.66 g/
m?2/yr. Average TP mass removal efficiencies ranged from approximately 16 to
52 percent in the lined cells and from 47 to 79 percent in the unlined FSCs where
removals were increased because of high leakage rates. The highest Phase 1 TP
mass removal rate was observed in treatment PP-5 (deep shellrock with high
HLR), which also received the highest loading rate. A higher average TP mass
removal rate was measured in FSC-2; however, an unquantified portion of this
mass went to groundwater. The highest TP mass removal efficiencies were
observed in three of the unlined FSCs and in treatments STC-2 (deep shellrock),
PP-7 (unrinsed sand treatment), PP-17 (HCl-rinsed sand treatment), and PP-4
(shallow shellrock constant flow). The lowest mass removal rate was measured
in STC-4, the peat-based Test Cell with calcium amendment. This cell also had
the lowest mass removal efficiency.

These estimated mass removal rates did not account for atmospheric TP load-
ings. Detailed wet and dry TP atmospheric deposition values were not available
during the period of this research. The estimated average rainfall TP was

18 ng/L between August 1998 and March 2000. Based on an annualized rainfall
rate of 124 cm during the project period, this wet deposition from atmospheric
sources was approximately 0.022 g/m?2/yr. This is equivalent to approximately
6 percent or less of the pumped TP loading rate. Dry atmospheric TP deposition
may be greater than the amount delivered by rain alone. The estimated total
atmospheric deposition of TP delivered by rain and particulate fallout is ap-
proximately 0.0464 g/m?2/yr (Burns & McDonnell, 1999). Even this amount is
only approximately 3 to 12 percent of the TP delivered in the pumped inflows,
and therefore atmospheric TP inputs were not considered in these mass
balances.

3.3.4 R-C* Model Parameter Estimates

Pollutant removal rates can be summarized as a simple logarithmic decay (first-
order process) using inflow/outflow concentrations and hydraulic loading data.
Wetland performance is tied more closely to surface area than to water volume
(Kadlec and Knight, 1996), so an area-based model is typically more appropriate
than a volumetric first-order model. A plug-flow hydraulic assumption was
used for preliminary PSTA TP performance calibrations (CH2M HILL, August
2000). In this report, intrinsic TP removal rate constants are also presented based
on the tanks-in-series model and on measured tracer residence time
distributions in selected PSTA treatments.

The simplest expression of the first-order, area-based plug flow wetland
performance model, assuming no net rainfall or seepage, is:

In (C1/C) =ki/q [Equation 3-1]
where:

C1 = average inlet concentration, mg/L
C, = average outlet concentration, mg/L
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k; = first-order, area-based rate constant, m/yr
q = average hydraulic loading rate, m/yr

This is the general form of the wetland model and can be referred to as the one-
parameter or k; plug-flow model. Exhibit 3-8 includes the average treatment TP
ki values estimated for the OPP. During this period, average treatment esti-
mated k; values ranged from -3.4 to 27 m/yr. The highest OPP k; value was
estimated for PP-5, the high HLR shellrock Porta-PSTA treatment. The lowest
values were estimated for STC-4, the peat-based Test Cell with calcium amend-
ment and FSC-4, the unlined peat-based PSTA. Most of the average estimated ki
values were between 5 and 20 m/yr. It has previously been observed that ki is
highly correlated with inlet loading of both TP and water (Kadlec, 2001b), and
the PSTA data follow this trend. For comparison, the global average ki value for
emergent marsh treatment wetlands is approximately 12.1 m/yr (range from 2.4
to 23.7 m/yr) (Kadlec and Knight, 1996), and the long-term average TP removal
rate constant for the District’s STA-1W (former ENRP) was reported as 18.4
m/yr (Chimney et al., 2000).

In general, wetland data indicate that internal and external loading of TP may
result in non-zero, irreducible wetland water column constituent concentrations.
For some purposes these concentrations may be so low as to be indistinguish-
able from zero. In other cases, effluent discharge goals approach the lowest
constituent concentrations measured in natural wetlands. In these situations, the
plug flow model can be corrected by introducing a second parameter that repre-
sents the lowest achievable or irreducible concentration that will occur in a treat-
ment wetland, C*.

The two-parameter first-order, area-based plug flow model, or k-C* model, is:
In[(C1-C*)/(Co-C*)] = k/q [Equation 3-2]
where:

k = two-parameter model first-order, area-based removal rate
constant, m/yr

Inlet and outlet concentration data can be combined with average HLR, q, to
estimate k and C* for a given treatment wetland dataset. Average data for a
period of time greater than the average HRT in the wetland should be used
when making these parameter estimates. These parameters are most often
calculated based on at least monthly, quarterly, or annual average datasets.

For some constituents, the value of k is dependent upon temperature. The
modified Arrhenius equation that describes this dependency is:

kr = koo(thetal™-20]) [Equation 3-3]
where:

theta = temperature correction factor

T = the average water temperature, deg C
kr=katT°C,m/yr

koo =k at 20°C, m/yr
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Section 3. Phosphorus Removal Performance and Effectiveness

Tracer studies in the PSTA mesocosms indicated that they did not behave as
pure plug flow reactors (see Appendix G for a complete description of the tracer
test results). The tanks-in-series model has been used to describe the observed
deviation of these systems from plug flow (Kadlec and Knight, 1996). This
model assumes that flow through a PSTA is similar to a number of completely
mixed stirred reactors in series. The number of reactors is estimated by the
model to describe the observed distribution of tracer residence times. The tanks-
in-series model can be written as:

(Co-C*)/ (C1-C*) = (1+kmis/nq)™ [Equation 3-4]
where:

kris = the 2-parameter tanks-in-series, area-based removal rate constant
(m/yr)
n = number of tanks-in-series

The plug flow reactor rate constant is now renamed as kprr and is related to kris
by the following equations:

kris = nq[(eCkPFR/@))-1/n — 1] [Equation 3-5]
kprr = nq[In(1+kris/nq)] [Equation 3-6]

In all cases, kris > kper. If the number of tanks-in-series is more than approxi-
mately 7, then the two forms of the removal rate constant are nearly identical. It
is important to note that because this is a two-parameter model, values for kprr
and kris should only be compared between treatments with attention to the C*
estimate. A high C* results in a higher value for the rate constant for a given
amount of P removal.

Tracer testing of the three research scales demonstrated widely different
hydraulics as a function of system maturity and scale (see Appendix G for
detailed tracer testing results). Tracer testing in the Porta-PSTAs estimated TIS
from 1.4 to 2.2. Tracer testing in the PSTA Test Cells indicated 1.8 to 3.1 TIS
during Phase 1 and from 3.8 to 4.1 TIS in Phase 2, after plant communities
developed more completely. Preliminary tracer testing in two of the FSCs found
approximately 9 TIS for a 5:1 length-to-width ratio and 25 TIS for FSC-2 (sinuous
PSTA) with a length-to-width ratio of 45:1.

The PSTA OPP data were used to calibrate the k-C* model. All data collected
during the OPP were utilized, and the Excel Solver routine was employed to
provide the best-fit calibration to these datasets. The value for kprr was esti-
mated with Solver and then kris was calculated based on an assumed number of
tanks-in-series using the typical values from the PSTA tracer studies. Solver

tests with identical datasets returned equivalent parameters for both forms of
the k-C* model.

Some of the individual PSTA treatment datasets were not robust enough to
allow simultaneous calibration of k, C*, and the temperature correction factor
(theta). Therefore, in some cases where Solver could not find a solution, it was
assumed that C* was approximately equal to the lowest monthly average for a
given dataset. In some cases, it was also assumed that theta was equal to 1.0,
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indicating no effect of temperature on k. When the model would provide an
estimate of theta, it was found that it varied from 0.82 to 1.03. A value of theta
less than 1.0 indicates that the TP removal rate constant increases at water temp-
eratures less than 20 °C. A theta greater than 1.0 indicates that the actual TP
removal rate constant was higher than the ka value because the mean opera-
tional temperature was approximately 24.5°C.

Exhibit 3-9 summarizes the estimated average PSTA k-C* values for the OPP.
Estimated C*1p values ranged from 5 to 32 pg/L. It is of interest to note that for
those values of C* actually estimated by the model, the lowest were the Porta-
PSTA treatments with either shellrock (6 pg/L) or acid-rinsed sand (5 pg/L) and
the PSTA Test Cell with shellrock and constant water depth (7 pg/L). These low
C* estimates may indicate that a large PSTA constructed on soils with very low
concentrations of available TP may be able to achieve TP concentrations con-
sistently less than 10 pg/L.

Estimated kprr values in the PSTA Test Cell treatments ranged from 5.5 to

42.5 m/yr. The estimated kprr values in the Porta-PSTA treatments were
generally higher, ranging from 20.4 to 89 m/yr during the OPP. Estimated kris
values in the Porta-PSTAs ranged from 24 to 185 m/yr and from 5.8 to 76 m/yr
in the Test Cells. Little effect of temperature was found on any of these k-C*
model parameters.

When similar treatments were combined in this analysis, the Porta-PSTA peat
and shellrock treatments returned similar values for kprr and kris, although the
shellrock treatments were approximately 15 percent higher. The removal rate
constants for the other Porta-PSTA treatments were lower as was the C*
estimate, except for the Aquashade treatments that returned a high C* and
higher values of kprr and kris.

Estimated model parameters from the OPP for the FSCs were similar to those
returned from the smaller test systems. The measured number of TIS for these
cells was higher based on the tracer test conducted during the spring of 2002.

3.3.5 Time Series for Key Treatments

Temporal trends in TP inflow and outflow concentrations and monthly average

ki values are presented for the stable water regime peat and shellrock PSTA Test
Cell treatments in Exhibits 3-10 and 3-11, respectively. Additional data collected
from these systems by the District during the Phase 3 period are also plotted on

these charts.

The startup effects on TP out and k; were clearly greater in the peat Test Cell
than in the shellrock Test Cell. The peat Test Cell displayed this startup P release
a second time following a batch-mode study in January and February 2000 and
subsequent plant removal and soil liming. While outflow TP concentrations
were generally lower in the shellrock treatment than in the peat treatment, the
difference was not great except during startup conditions, during the batch test
with no inflow to the peat cell, and during the last 3 months of Phase 2. This
difference continued to increase during the Phase 3 period. After the longer
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Section 3. Phosphorus Removal Performance and Effectiveness

startup, the ki values for both treatments were similar during Phase 1. During
the 24 months of Phases 2 and 3, the k; value for the peat cell never matched the
ki for the shellrock cell and continued to decline until the end of the data col-
lection period. The reason for the poorer performance of the peat PSTA Test Cell
during Phases 2 and 3 appears to be related to macrophyte invasion. The k;
value for the shellrock cell remained relatively steady throughout the study
period. More recent data collected during the first half of 2002 in the shellrock
Test Cell indicate that outflow TP concentrations are still in the same range
approximately 3%z years following project startup (average TP=15 pg/L,
range=10 to 18 pg/L for January-August 2002).

The same type of time-series graphs for the variable water regime PSTA Test
Cells are presented in Exhibits 3-12 and 3-13 for TP inflow/outflow and ki,
respectively. The startup period for this cell also took approximately 5 months
as was seen for the shellrock Test Cell with stable water flows and levels. The
outflow TP level stayed fairly low in this cell, except for temporary increases
following dry-out periods. The response during the first dryout—conducted in
the spring of 2000 —was an increasing and high k; value. The response to the
second dryout—conducted during the fall and winter months of that same
year —was a reduction in TP removal performance. This shellrock-based
treatment also continued to perform well after 3%z years of operation, and
outflow TP concentrations declined to pre-dry-out levels (average TP=13 pg/L,
range=9 to 16 pg/L for January-August 2002).

Porta-PSTA treatments PP-3 (peat) and PP-4 (shellrock) were both operated for
18 months with 30 cm of water depth (Exhibits 3-14 and 3-15). Treatments PP-11
(shellrock) and PP-12 (peat) were operated under the same water depths and for
the same time period, but were larger at 3 m x 6 m (Exhibits 3-16 and 3-17). The
time series TP data for these four treatments are of interest because the only
treatment variable in each pair is the soil type. For both pairs, the shellrock
treatment was slightly better than the peat treatment during the first operational
phase. The higher performance of the 1 m x 6 m shellrock mesocosms increased
during Phase 2, but there was not as much difference between soil types for the
larger mesocosmes.

Time-series TP and k; data for the FSCs are summarized in Exhibits 3-18
through 3-25. The two limerock treatments (FSC-1 and FSC-2) and the caprock
treatment (FSC-3) all had increasing TP removal rates following the 4- to
5-month startup period of variable removals. TP removal rates in all three
treatments were much lower immediately following dryout during the summer
of 2002 and then rose quickly soon after rewetting. Within 3 months after the
end of the dryout, these cells had k; values ranging from approximately 23 to
47 m/yr (substantively higher than the pre-dryout ki values). Monitoring in the
future of iterative dryout and rewetting cycles would help clarify whether this
process could be used to further increase periphyton community development
and higher k; values.
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Time-Series of Average Monthly TP Inflow and Outflow Concentrations in Field-Scale PSTA Cell 2 (sinuous limerock fill)
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Time-Series of Average Monthly kyrp Values in Field-Scale PSTA Cell 2 (sinuous limerock fill)
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Time-Series of Average Monthly TP Inflow and Outflow Concentrations in Field-Scale PSTA Cell 3 (scrape-down to caprock)
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Time-Series of Average Monthly TP Inflow and Outflow Concentrations in Field-Scale PSTA Cell 4 (native peat)
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Section 3. Phosphorus Removal Performance and Effectiveness

The peat-based Field-Scale Cell (FSC-4) had fairly poor TP removal performance
since the beginning of the project and through September 2002 (see Exhibits 3-24
and 3-25). Outflow TP concentrations in this treatment have typically been
higher than inflow concentrations since project startup.

3.3.6 Analytical Considerations for Low
Phosphorus Concentrations

The results of the P monitoring of all PSTA experiments must be interpreted in
light of the very low concentrations measured and the variability in those
measurements introduced by natural causes and normal and unavoidable ana-
lytical error. Appendix A includes detailed descriptions of the P detection
methods employed by the University of Florida Institute of Food and
Agricultural Sciences (IFAS) labs, as well as the quality assurance/quality
control (QA/QC) record of results from duplicate samples and equipment
blanks collected over the course of the project. The University of Florida IFAS
facilities have an approved quality assurance project plan (QAPP) filed with
FDEP and consistently meet QA expectations in P measurement as a routine
participant in the state’s round-robin laboratory analysis. Equipment blanks
collected during the sampling of the Porta-PSTAs yielded respective median
DRP, TDP, and TP values of 1, 3, and 2 ng/L, respectively. Similar equipment
blanks collected during the Test Cell sampling yield median DRP, TDP, and TP
values of 1, 2, and 2 pg/L, respectively. At the FSCs, equipment blanks yielded
respective median DRP, TDP, and TP values of 1, 2, and 1 pg/L, respectively.

Field duplicates collected during the sampling of the Porta-PSTAs yielded
median DRP, TDP, and TP differences of 1,1, and 2 pug/L, respectively. Similar
field duplicate samples collected during the Test Cell sampling yielded median
DRP, TDP, and TP differences of 5, 1, and 1 ng/L, respectively. At the FSCs,
field duplicates yielded respective median DRP, TDP, and TP differences of 1, 1,
and 1 pg/L, respectively.

Collectively, these data indicate a high level of quality control and consistency
in the analyses employed during the PSTA project, but they also illustrate why
experimental treatment differences on the order of 1 to 3 pg/L TP are at the
nominal detection levels of the experimental methods approved and imple-
mented during this study. The convention employed for this study is that
analytical variation is uniform across all experimental treatments, and results
were reported as received from the laboratory and after QA /QC review.

3.4 Treatment Effects

A large number of treatments were investigated in the PSTA test systems
because of the many questions about PSTA effectiveness that existed at the start
of the study. This section provides a summary of the observed effects of each
key treatment variable on PSTA outflow TP concentration and TP removal
performance.
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3.4.1 Water Depth and Dry-Out

Water depth was one of the key treatment variables for the PSTA research.
Three different water depth regimes were tested during Phase 1 and 2:

e Stable water levels at 60 cm
e Stable water levels at 30 cm
e Varying water depths between 0 and 60 cm

The effects of water depth on TP removal performance can be examined by
comparison of treatment averages for outflow TP and k; for the OPP in

Exhibit 3-26, by examination of the standard errors in the exhibit, and by a
review of detailed statistical analyses presented in Appendix H. Standard errors
were calculated based on all individual weekly values for TP out and for
monthly values for k.

EXHIBIT 3-26
Depth Effects for the Optimal Performance Period

TP Out (pg/L) ki (mly) k-C* Model

Treatment Cell Phase Substrate Depth HLR Average SE Average SE kprr kns C*

PP-1 9,11,18 1 PE D L 141 071 106 1.71 619 996 152
PP-3 12,1417 1,2 PE S L 170 046 127 0.97 540 88.7 155
STCA1 13 1 PE D L 16.3 092 83 160 349 51.1 129
STC-4 13 2 PE (Ca) S L 200 135 28 130 85 92 13.0
PP-2 47,8 1 SR D L 130 039 117 115 465 67.2 107
PP-4 35,10 1,2 SR S L 146 032 16.8 0.80 432 629 114
PP-6 1,6,15 1 SR \Y \Y 145 041 79 079 396 765 134
STC-2 8 1 SR D L 13.3 043 91 1.03 31.7 446 10.0
STC-5 8 2 SR S L 117 052 115 0.83 207 252 6.6
STC-3/6 3 1,2 SR \Y \Y 179 091 69 141 111 124 10.0
Notes:

Mesocosm Treatments: PP = Porta-PSTAs, STC = South Test Cells

Substrate: PE = peat, SR = shellrock, LR = limerock, SA = sand, None = no substrate, AM = Aquamat,
AS = Aquashade

Depth: S = shallow (30 cm), D = deep (60 cm), V = variable (0-30 cm or 0-60 cm)

HLR: L = low (6 cm/d), H = high (12 cm/d), V = variable (0-6 cm/d or 0-12 cm/d), R = recirculate
Weekly data used in calculations

bold and italics = values fixed in model

Average water depths between 30 and 60 cm in peat-based mesocosms did not
have a statistically significant effect on PSTA performance. Shallow depth
slightly increased the outflow TP concentration and had variable effects on the
removal rate constant in the peat Porta-PSTA treatments. A decline in k; at the
shallow depth was only observed in the peat-based PSTA Test Cell; however,
this difference is potentially confounded by the soil treatment that occurred in
this cell between Phase 1 and Phase 2.
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Depth effects on the performance of shellrock-based PSTA treatments were not
clear. Based on data from the OPP, the shallow Porta-PSTA shellrock treatment
did not show a significant difference in average TP outflow concentration than
the deep treatment, but the TP removal rate constant, ki, was significantly
higher in the 30-cm treatment. In the depth test in the shellrock Test Cells, the
shallow treatment performed better than the deep treatment, both for outflow
TP and for the TP removal rate constant and C*. The shellrock treatments with
variable water regime generally had higher TP outflow concentrations and
lower values for ki. In conclusion, average water depths between 30 and 60 cm
in shellrock mesocosms did not have a clear effect on performance for TP
removal. Variable water depth accompanied by varying hydraulic loads
reduced TP removal performance in the shellrock mesocosms.

Depth was not a treatment variable in the Field-Scale PSTA operations. All
depths were controlled to approximately 30 cm to allow ample light for
periphyton development and relatively higher velocity.

3.4.2 Soil Type and Amendments

Five types of soils and two non-soil controls were employed in the PSTA test
systems:

Peat (high organic content) agricultural soils
Shellrock

Sand (beach)

Limerock

Caprock

No soil

Synthetic substrate (Aquamat®)

Also, there were two soil amendments tested in Phase 2:

e Application of lime to the peat soils
¢ Rinsing the sand soils with dilute HCl

An additional soil amendment study was initiated during Phase 3, with
preliminary results provided in Appendix I.

The effects of soil treatments on PSTA TP removal performance can be ex-
amined by comparing treatment combinations for the OPP (see Exhibit 3-27). At
both water depths in the Porta-PSTA mesocosms, shellrock out-performed peat
and sand. In the PSTA Test Cells, shellrock also outperformed peat. Sand
treatments were not consistently better or worse than the peat treatments. The
shallow sand treatment (PP-7) performed nearly as well as the comparable
shellrock treatment.

Exhibit 3-27 also compares the performance of the Phase 2 Porta-PSTA treat-
ments with limerock, HCl-rinsed sand, Aquamat, and no soil with the replicated
peat and shellrock treatments. These data averages for the OPP indicate that the
limerock and two non-soil treatments performed about as well as the shellrock
treatment and better than the peat treatment, and the acid-rinsed sand treatment
out-performed all of the other treatments, both in terms of achievable outflow
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EXHIBIT 3-27

PSTA Phase 1, 2, and 3 Summary Report

PSTA Soil Effects - Optimal Performance Period

TP Out (pg/L) k1 (mly) k-C* Model

Treatment Cell Phase Substrate Depth HLR Average SE Average SE kPFR kTIS C*
PP-1 9,11,18 1 PE D L 14.1  0.71 106 171 619 996 152
PP-2 47,8 1 SR D L 13.0 0.39 1.7 115 465 672 107
PP-8 20 1 SA D L 16.1 1.06 6.4 321 89.3 1852 15.0
PP-3 12,1417 1,2 PE S L 17.0 0.46 127 097 540 887 155
PP-4 3,5,10 1,2 SR S L 146 0.32 16.8 0.80 432 629 114
PP-7 19 1,2 SA S L 152  0.61 153 130 311 40.8 10.3
PP-11 23 1,2 SR S L 17.8 0.67 1.7 124 396 546 129
PP-12 24 1,2 PE S L 18.6 0.73 9.9 1.30 449 658 15.2
STC-1/4 13 1,2 PE/PE(Ca) D/S L 184 0.89 5.0 1.06 585 108.5 18.0
STC-2/5 8 1,2 SR D/S L 124  0.36 105 066 472 764 10.2
PP-3 12,1417 1,2 PE S L 17.0 0.46 127 097 540 887 155
PP-4 3,5,10 1,2 SR S L 146 0.32 16.8 0.80 432 629 114

PP-14 47,8 2 LR S L 145 0.79 148 179 276 346 80

PP-17 20 2 SA (HCI) S L 1.4 093 20.1 244 424 63.0 45

PP-18 21 2 None S L 14.0 1.06 155 227 328 439 82

PP-19 22 2 AM S L 13.8 1.83 174 315 286 36.2 7.0
FSC-1 1 3 LR S H 182 3.22 749 2.65 292 35.8 12
FSC-3 3 3 CR S H 161 272 1.1 3.03 625 86 15.0
FSC-4 4 3 PE S H 31.5 6.43 -3.4 2.95 37.5 48.9 32.0

Notes:

Mesocosm Treatments: PP = Porta-PSTAs, STC = South Test Cells

Substrate: PE = peat, SR = shellrock, LR = limerock, CR = caprock, SA = sand, None = no substrate, AM = Aquamat, AS = Aquashade
Depth: S = shallow (30 ¢cm), D = deep (60 cm), V = variable (0-30 ¢cm or 0-60 cm)

HLR: L = low (6 cm/d), H = high (12 cm/d), V = variable (0-6 cm/d or 0-12 cm/d), R = recirculate

Weekly data used in calculations

bold and italics = values fixed in model

TP concentration and kj. This result was especially notable because the k-C*
model returned an estimated C* for this treatment of 4.5 ng/L. This concen-
tration was lower than any other known measured C*, except for natural areas
of the Everglades and could not be lowered further because of natural inputs of
TP from rainfall.

Exhibit 3-27 also summarizes the Phase 3 data for the three FSCs with similar
geometry but differing soil treatments. In this case, caprock slightly out-
performed limerock, and both were superior to use of un-amended native peat
soils.

It was observed during Phase 1 that peat soils released labile P to the water
column at a higher rate and for a longer period than the calcium-based shellrock
soils (CH2M HILL, August 2000). Phase 2 PSTA research was expanded to look
at the effects of amending some of the peat (organic) soils with calcium minerals
recommended by Ann et al. (2000) and by aluminum, calcium, and iron
treatments during Phase 3.

PSTA South Test Cell Treatment 1 (STC-1 or Test Cell 13) was converted to
South Test Cell Treatment 4 (STC-4) by the addition of approximately 1,580 kg
of hydrated lime [Ca(OH):], providing an effective application rate of 7 metric
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tonnes per hectare (mt/ha). Porta-PSTA treatment PP-3 was converted to PP-13
using the same amount of lime addition. All emergent macrophytes in these
mesocosms were removed as part of this process. Spikerush was replanted once
the soil amendment was finished. The other notable difference between the
conversion from STC-1 to STC-4 and from PP-3 and PP-13 was that the water
depth was lowered in the PSTA Test Cell but not in the Porta-PSTA.

Exhibit 3-28 provides a comparison of the results from each of these four treat-
ments. Results are summarized for the POR, the OPP, and for the last 60 days of
each treatment. Comparison of outflow TP concentrations, TP mass removals,
and k; indicate that there was no observed benefit of liming in the PSTA peat-
based Test Cell. However, in the Porta-PSTA treatments, there was a significant
benefit. The difference between these two mesocosm scales probably resulted
from the method of lime addition. Lime was added to the PSTA Test Cell by
hand broadcasting in the partially drained cell. This disturbed the peat sedi-
ments because of the foot traffic involved. Lime addition in the Porta-PSTA
tanks was from outside the tank with minimal internal disturbance and without
removing surface water. It appears that to be effective for controlling internal
releases of TP, lime addition on a large scale would need to avoid or minimize
soil disturbance conducted under flooded conditions.

EXHIBIT 3-28
PSTA Amended Peat Soils Data Summary
g_in Wtr Depth TP (pg/L) TP (g/m?/lyr) Removal Calc_k
Treatment Period (cm/d) (m) Inflow  Outflow Inflow Outflow (g/mzlyr) (mlyr)
STC-1 POR 4.6 0.64 25 27 0.43 0.50 -0.07 -1.2
(Peat) OPP 4.6 0.65 29 17 0.50 0.28 0.22 9.3
Last60d 4.7 0.66 28 13 0.48 0.17 0.31 13.3
STC-4 POR 5.1 0.28 23 32 0.42 0.54 -0.12 -6.6
(Peat-Ca) OPP 5.1 0.29 22 19 0.40 0.33 0.07 2.0
Last60d 5.1 0.28 23 30 0.42 0.46 -0.04 -5.1
PP-3 POR 7.4 0.30 29 19 0.75 0.47 0.28 12.1
(Peat) OPP 8.0 0.31 27 17 0.77 0.46 0.30 13.7
Last60d 7.0 0.30 22 18 0.58 0.42 0.16 55
PP-13 POR 8.1 0.33 30 18 0.84 0.50 0.34 14.8
(Peat-Ca) OPP 8.8 0.34 21 13 0.66 0.40 0.26 14.6
Last60d 8.9 0.34 22 11 0.71 0.35 0.37 21.3
Notes:

POR=period of record
OPP=optimal performance period

Research methods and initial results from the Phase 3 soil amendment study are
summarized in Appendix I. Twelve small-scale tanks (1.14 m?) were utilized in
this study. Each tank was filled with approximately 15 cm of peat soils similar to
the native soils in FSC-4. Two tanks were reserved as controls with no amend-
ments. Four tanks received each of three chemical amendments (polyaluminum
chloride, ferric chloride, or calcium hydroxide) at either high or low concentra-
tions (two replicate tanks with each amendment and concentration). The “low”
dose was calculated as the stoichiometric amount of active ingredient necessary
to tie up the labile TP in the antecedent soil. The “high” dose was approximately
four times that amount and was based on the measured soil TP concentration.
Amendments were added in slurry form to the dry soils. The tanks were
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flooded to an approximate water depth of 30 cm and left in a batch mode (no
flow-through) with periodic addition of make-up water for a period of approx-
imately 10 weeks. Flow-through conditions at an HLR of approximately 6 cm/d
was initiated at that time and maintained through the end of the study (approxi-
mately 18 weeks of flow-through conditions).

Preliminary results from this small-scale study indicated that there was no sta-
tistically significant TP concentration reduction benefit from any of the treat-
ments compared to the controls. Through week 10 of the 18-week study, TP in
the inflow averaged between 30 and 33 pg/L. The average internal or outflow
TP concentration in each treatment was: control=32 pg/L, ferric chloride (high
dose)=26 pg/L, ferric chloride (low dose)=29 pg/L, lime (high dose)=54 pg/L,
lime (low dose)=43 ng/L, polyaluminum chloride (high dose)=28 pg/L, and
polyaluminum chloride (low dose)=27 pg/L. Based on these incomplete results,
it appeared that iron- and aluminum-based amendments were slightly more
effective than unamended soils and that lime amendment worsened TP surface
water concentrations. It was observed that addition of a lime slurry to the dry
peat soils was destructive of the soil matrix, resulting in dissolution of a fraction
of the soils and release or organic P. This observation was consistent with the
effects observed previously in PSTA Test Cell 13 (STC-3 and STC-6) and Porta-
PSTA soil amendment studies. It is concluded that addition of the lime slurry
with high pH to flooded soils was preferable to addition to dry soils.

3.4.3 Hydraulic and Phosphorus Loading
Rate

HLR was a treatment variable at the Porta-PSTA mesocosm scale. The only
design difference between shellrock treatments PP-2 and PP-5 was hydraulic
loading, with a two-fold difference between the two treatments. Data for the
OPP indicate that increasing the hydraulic loading to an average rate of approxi-
mately 17 cm/d from 9 cm/d increased the average outflow TP concentration
(from 13 to 16 pg/L), increased ki (from 13 to 27 m/yr), increased kprr and kris
(from 46 to 68 m/yr and from 67 to 90 m/yr, respectively), and had no effect on
C* (11 pg/L for both treatments) (Exhibits 3-8 and 3-9).

It is clear from this comparison and from earlier regressions between HLR and
TP mass removal (CH2M HILL, May 2001) that the removal rate constants in
both the one- and two-sizing parameter TP removal models described above are
a function of loading rate (see Exhibits 3-29 and 3-30). This relationship indicates
that these models have limited utility for estimating treatment area because the
removal rate constant chosen for a given flow and inlet load varies with the
selected treatment footprint. It also indicates that TP removal rate constants for
differing technologies can only be accurately compared when they are presented
on the basis of TP loading.
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Section 3. Phosphorus Removal Performance and Effectiveness

One impact of this finding is that it may be possible to remove a significantly
greater mass of TP in a PSTA operated at a higher hydraulic loading, as long as
the lowest possible outflow TP concentration is not desired downstream. This
finding affects the potential trade-off between maximizing TP mass removed
and minimizing effects of downstream TP concentrations.

3.4.4 Batch Operation

A batch-mode study (no flow-through) was conducted in selected Phase 1 PSTA
treatments between January 18 and March 14, 2000. The purpose of this study
was to determine whether TP concentration in the PSTA water columns would
increase or decrease following cessation of inflows and whether these concen-
trations would level off to some stable value without pumped inflows. A decline
could be interpreted to indicate the dominance of an external loading effect on
TP outflow concentration. When loading of external TP is stopped, water
column concentrations could be expected to decline to a new lower equilibrium
concentration in response to a balance between internal loading and removal
processes. A rise in TP concentration to a higher stable concentration is an
indication that internal P loading from soils is greater than the gross biological
removal rate of the periphyton community. Stable concentrations during the
batch study would indicate a balance between internal loads and removals.

Exhibit 3-31 illustrates the results of the batch-mode study. TP water column
concentrations increased or remained relatively constant in each of the meso-
cosms tested. None of the TP concentrations decreased during the 2-month
period. Increases were generally in the range of 15 to 50 percent in the Porta-
PSTAs that were tested. The STC-1 (peat) average water column TP concen-
tration increased by approximately 54 percent. These results provide a con-
vincing demonstration of the importance of internal P loading on the achievable
C* in these PSTA mesocosms. Under the conditions of this study (first year, peat,
shellrock, and sand soils, etc.), batch mesocosms did not attain TP concen-
trations less than 10 ppb and typically had values between 10 and 20 ppb. Rising
TP water column concentrations in some treatments during the period of this
batch study resulted from continuing soil releases of labile TP nearly 1 year after
startup. This internal loading appeared to be highest in the peat-based PSTA
Test Cell. A detailed description of the batch treatments is provided in
Appendix D.

3.4.5 Velocity (Recirculation and Cell
Configuration)

During Phase 2, PP-15 (shallow shellrock with recirculation) tested the effects of
higher flow velocity on TP removal performance against a comparable treat-
ment, PP-4, with low HLR. Both treatments were replicated in three Porta-
PSTAs. PP-15 had re-circulation pumps installed to provide approximately

20 gallons per minute (gpm) of pumping from the downstream end of the tank
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Section 3. Phosphorus Removal Performance and Effectiveness

back to the inflow baffle. This recirculation pumping resulted in a velocity
increase with no increase in influent TP loading. The nominal velocity in PP-4
was 0.0014 cm/s; in PP-15, nominal velocity was approximately 0.5 cm/s.
Actual average velocities during these Phase 2 investigations for the three
replicates ranged from 0.18 to 0.34 cm/s because of variable pumping rates in
the replicate mesocosms.

An initial increase in average TP outflow concentration was observed in PP-15
as a result of running the recirculation pumps (Exhibit 3-32). This resulted in a
higher average of 18 pg/L in the recirculation treatment, compared to 17 pg/L
in PP-4. However, no detectable difference in performance between the two
treatments during the last 4 months of the test was observed. The OPP averages
for these two treatments were nearly identical at approximately 15 ng/L.
Exhibit 3-33 illustrates the time series for kitp values for these two treatments.
Phase 2 OPP averages for PP-4 and PP-15 were 16 and 13 m/yr, respectively. In
summary, installation of re-circulation and resulting higher velocities (190x
increase) in the shellrock Porta-PSTAs did not provide any observed enhance-
ment of TP outflow concentration or TP mass removal rate.

The Phase 3 Field-Scale PSTA design also provided an indirect test of velocity
on TP removal performance. FSC-1 (length:width=5:1) and FSC-2 (length:
width=45:1) were identical except for their length-to-width ratios. Resulting
nominal velocities in FSC-2 (0.22 cm/s) were approximately three times higher
than in FSC-1 (0.073 cm/s). FSC-2 outperformed FSC-1 with a lower average
outflow TP concentration (15.3 vs. 18.2 pg/L for the OPP), higher k; (13.2 vs.
7.5 m/yr), and lower estimated C* (10 vs. 12 pg/L). However, hydraulics were
greatly improved in FSC-2 compared to one of the other 5:1 cells (FSC-4), which
may be the actual reason for improved performance rather than velocity.
Performance of the Field-Scale high-velocity treatment did not appear to be
better than the comparable Test Cell treatment (STC-5) or the recirculation
Porta-PSTA treatment (PP-15).

3.4.6 Mesocosm Scale

All mesocosm research systems have certain limitations for scale-up to full-scale
design (Bowling et al., 1980; Beyers and Odum, 1993). Reduced-size systems
may have unrealistic surface-area-to-volume ratios and flow velocity regimes.
Scale-up effects are likely when extrapolating from small test systems to larger,
full-scale systems. The PSTA research included specific treatment combinations
that provide some quantification of the effect of mesocosm scale on treatment
performance. Two Porta-PSTA scales were tested: 1-m and 3-m-wide fiberglass
tanks. Both sets of tanks were 6 m long, so the scale difference between these
tanks was quantified as the depth: width ratio. The 1-m-wide Porta-PSTA tanks
had a nominal depth: width ratio of either 0.6 or 0.3 depending on water depth.
The 3-m-wide tanks had a nominal depth: width ratio of approximately 0.1. The
PSTA Test Cells had a lower ratio, with a nominal depth:width ratio of approxi-
mately 0.02, the sinuous FSC had a ratio of 0.014, and the other FSCs were large
enough to have an almost negligible scale effect (depth:width ratio=0.005).
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Section 3. Phosphorus Removal Performance and Effectiveness

Exhibit 3-34 summarizes the effect of mesocosm scale on the key P performance
indicators: average outflow concentration and k; for the OPP. For the peat-based
PSTA mesocosms, increasing scale (reduced edge or wall effects) resulted in
increasing outflow TP concentrations. The effect of scale on the TP one-para-
meter removal rate constant k; was not consistent but generally resulted in
lower rate constants at large (more realistic) scales. For the shellrock treatments,
increasing the scale had no consistent effect on either the TP outflow
concentration or the value of ki.

As aresult, a consistent effect of mesocosm scale was not detected under this
project, either because no relationship exists or because of limited replication
and measurement sensitivity. If there was a scale effect, it appeared to be one of
overestimation of TP removal performance in the smallest test systems. This line
of reasoning indicates that conclusions from the Porta-PSTAs may be overly
optimistic and that the data from the PSTA Field-Scale or Test Cells may be
more reliable for extrapolation to full-scale design.

3.4.7 Periphyton and Macrophytes

Two Porta-PSTA control tanks were operated with Aquashade for comparison
to the vegetated Porta-PSTA treatments to obtain an indication of the impor-
tance of periphyton and macrophytes on observed TP removal rates. These
treatments, PP-9 (peat) and PP-10 (shellrock), were unreplicated and operated
only during Phase 1. For both soil types, the outflow TP concentration (OPP)
from the Aquashade control was higher than the corresponding vegetated tank
(Exhibit 3-35). This difference was significant for the peat-based mesocosms but
not for shellrock.

Aquashade effects on the average k; and k-C* model parameters (Phase 1 OPP)
were not consistent. The Aquashade k; value was lower by 34 percent for the
peat soils and was higher by 23 percent for shellrock soils. C* estimates were
similar for each treatment pair.

The Aquashade peat tank had a higher TP outflow concentration, a greater
estimated C*, and a lower estimated value for k; than the shellrock tank,
providing additional evidence of greater internal loading from the peat soils
than from shellrock. In addition, Aquashade treatments were nearly as effective
for TP removal as treatments with fairly dense periphyton and macrophyte
communities. Based on chlorophyll and biomass sampling, the Aquashade
treatments were colonized by low levels of algae but also contained significant
populations of heterotrophic microbes. These results may indicate that the net
difference between TP removal and recycling effects of the periphyton and
macrophytes is relatively minor and these processes offset each other to the
point of having little consistent influence on the TP mass removal rate. How-
ever, the presence of periphyton and plants resulted in lower achievable TP
outflow concentrations. A larger number of controls would have been beneficial
to detect effects of periphyton and macrophytes. These data indicate that results
from mesocosms must be interpreted with caution.
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Section 3. Phosphorus Removal Performance and Effectiveness

EXHIBIT 3-35
Aquashade Treatment Results with Respect to Plant/Periphyton Effects for the OPP
TP Out (ug/L) ki (mly) k-C* Model
Plants/

Treatment Cell Phase Periphyton Substrate Depth HLR Average SE Average SE ke kns C*
PP-1 911,18 1 yes PE D L 141 071 106 171 619 996 152
PP-9 21 1 no PE (AS) D L 195 130 70 250 355 46.3 16.0
PP-2 478 1 yes SR D L 130 039 117 115 465 672 107
PP-10 22 1 no SR (AS) D L 146 068 153 136 358 477 98

Notes:

Mesocosm Treatments: PP = Porta-PSTAs, STC = South Test Cells

Substrate: PE = peat, SR = shellrock, LR = limerock, SA = sand, None = no substrate, AM = Aquamat,
AS = Aquashade

Depth = S = shallow (30 cm), D = deep (60 cm), V = variable (0-30 cm or 0-60 cm)

HLR: L = low (6 cm/d), H = high (12 cm/d), V = variable (0-6 cm/d or 0-12 cm/d), R = recirculate
Weekly data used in calculations

bold and italics = values fixed in model

3.5 Phosphorus Dynamics and Fate

The PSTA research data offer insight into the processes important in evaluating
the potential of a periphyton-based concept for full-scale use. While the research
design focused on assessing the “green box” parameters important in sizing a
full-scale PSTA, information has been gained that improves understanding of
the processes of TP cycling and the fate of the TP that is removed within the
mesocosms. Specific processes discussed below include the fate of P in the meso-
cosm soils, the observed changes in non-reactive organic P forms, gross P
accretion rates in new sediments, and the effects of snail grazing on the net P
removal.

3.5.1 Soil P Interactions

Exhibit 3-36 summarizes PSTA soil data by treatment for the POR. Appendices
C, D, and E provide detailed soil P data for the Test Cells, the Porta-PSTAs, and
the FSCs, respectively. Shellrock soils had the highest TP concentrations, with
average values in the Porta-PSTA and Test Cell routine soil cores ranging from
752 to 1,044 mg/kg. The average concentration was 919 mg/kg for shellrock.
Porta-PSTA and Test Cell peat treatment averages ranged from 111 to 319
mg/kg, with an overall average TP of 223 mg/kg. The Field-Scale peat
treatment had a higher TP average of 405 mg/kg. Sand treatments averaged
between 20 and 28 mg TP/kg, with an overall average of 26 mg/kg. The Field-
Scale limerock cells averaged 96 to 107 mg TP/kg and the caprock cell averaged
103 mg TP/kg. At the Porta-PSTA and Test Cell sites, TIP made up approxi-
mately 68 percent of the TP in the peat soils, 99 percent in the shellrock soils,
and 46 percent in the sand soils. TIP was only approximately 20 percent of
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Section 3. Phosphorus Removal Performance and Effectiveness

the TP in the Field-Scale peat soils. Total organic phosphorus (TOP) accounts for
the rest of the TP in these soils.

Detailed P fractionation in the soils indicated that at the Porta-PSTA and Test
Cell sites, approximately four times as much labile TP existed in peat soils than
in the shellrock soils, and that the sand soils had approximately half as much as
the shellrock soils (POR). The labile and moderately labile P in the Field-Scale
peat soil was approximately 20 times higher than in the limerock soils in the
other FSCs. The majority of the TP in the shellrock and limerock PSTA soils was
calcium-bound, and approximately half of the TP in the peat soils was associated
with calcium.

Soil sorption studies before startup and 1 year later are summarized in

Exhibit 3-37 for the Phase 1 and 2 soils and in Exhibit 3-38 for the Field-Scale
soils. The EPCO is the estimated P concentration in the overlying water when
there is no net release or uptake of P by the soil. If the ambient water P concen-
tration is less than the EPCO, then the soils will release P to the water column. If
the ambient water P concentration is higher than the EPCO, then P in the water
column will be sorbed into the soils. The estimated EPC0O was much lower in the
shellrock soils (2 to 3 pg/L) than in the peat and sand soils (13 to 51 ug/L). The
Field-Scale limerock and caprock soils had an EPCO (similar to the Phase 1 and 2
shellrock soils (2 to 4 pg/L). The Field-Scale peat soil had the highest EPCO at 362
pg/L. These measurements indicate that the peat and sand soils can release P to
the water column at higher water concentrations than the shellrock and limerock
soils. The linear adsorption coefficient is much higher for the shellrock and lime-
rock soils than for the peat and sand soils. This coefficient is measured with DRP
and is not truly indicative of the potential for TP sorption actually observed in
the PSTA test systems.

Exhibits 3-39 to 3-41 provide time series plots of TP, TIP, and TOP for selected
Phase 1 and 2 peat, shellrock, and sand PSTA treatments, respectively. An
average measurement for each parameter is indicated by the bold line on the
trend charts. A clear declining trend in the TP and TIP soil concentrations in the
peat-based PSTAs (Exhibit 3-39) was evident. This downward trend was signifi-
cant during the first 2 to 3 months of operation and was most pronounced in the
peat-based Test Cell (STC-1/4). A slight downward trend in soil TP appeared to
continue throughout the Phase 1 and 2 POR, although measured changes were
slight. TOP in these soils was relatively constant throughout the study period.

Initial soil TP concentration in PP-3 (peat) was 188 mg/kg at a bulk density of
0.33 grams per cubic centimeter ( g/cm3). The final TP content of these soils
during the destructive sampling event in February 2001 was 130 mg/kg at an
average bulk density of 0.36 g/cm?. TIP declined from approximately 112 to

94 mg/kg in this treatment. Based on a 20-cm soil depth, this loss of TP from the
substrate was equivalent to an estimated internal areal load of 2.9 g/m?2for the
study period.

No consistent trend in soil TP concentrations was evident for shellrock and sand
(Exhibits 3-40 and 3-41). An apparent seasonal decline in TOP in the shellrock
soils during the winter and spring of the first year of operation was observed,
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Section 3. Phosphorus Removal Performance and Effectiveness

EXHIBIT 3-38
Sorption Isotherm Data from Phase 3 PSTA Field-Scale Cell Soils
P Sorption Parameters

Cell Kd So EPCo r2 P Range
L/kg mg/kg mg/L mg/L

February 2001

FS-1 380 -0.83 0.002 0.85 0.005 - 0.038

FS-2 614 -2.6 0.004 0.87 0.010 - 0.047

FS-3 1079 -2.5 0.002 0.78 0.007 - 0.034

FS-4 13 -4.8 0.362 0.83 0.462 - 3.27
Notes:

Kd = linear adsorption coefficient
So = initial adsorbed P at C=0 (negative sign indicates desorbable P)
EPCo = equilibrium P concentration

with an increasing trend in the summer and fall of the second year and a
possible increase in TOP in the sand soils during the POR.

The initial soil TP concentration in PP-4 (shellrock) was 903 mg/kg at a bulk
density of 1.31 g/cm?. The final TP content of these soils during the destructive
sampling event in February 2001 was 961 mg/kg at an average bulk density of
1.41 g/cm3. TIP also increased slightly from approximately 912 to 938 mg/kg in
this treatment. Based on a 20-cm soil depth, this increase of TP in the substrate
was equivalent to an estimated 34 g/m?for the study period.

The initial soil TP concentration in PP-7 (untreated sand) was 16.6 mg/kg at a
bulk density of 1.43 g/cm?. The final TP content of these soils during the de-
structive sampling event in February 2001 was 20.0 mg/kg at an average bulk
density of 1.42 g/cm3. TIP declined from approximately 13.1 to 9.8 mg/kg in
this treatment. Based on a 20-cm soil depth, the estimated increase of TP in these
soils was equivalent to an estimated 0.88 g/m?2for the study period.

The initial soil TP concentration measured in the HCl-rinsed sand Porta-PSTA
treatment PP-17 was 25.0 mg/kg at a bulk density of 1.16 g/cm3. The final TP
content of these soils during the destructive sampling event in February 2001
was 19.4 mg/kg at an average bulk density of 1.46 g/cm?3. TIP declined from
approximately 10.7 to 8.3 mg/kg in this treatment. Based on a 20-cm soil depth,
the estimated decrease of TP in these soils was equivalent to an estimated

0.12 g/m?for the period of this research.

Although average TP soil concentrations in the shellrock treatments were much
higher than in the peat soils in Phase 2, the labile inorganic P concentration in
the peat soils is higher. This finding reinforced the conclusion that a continuing
potential exists for release of inorganic I’ from the organic soils in STC-1/4
(CH2M HILL, August 2000). While the mass release of labile P from these peat
soils was probably too small to detect in the trend plots, this release likely
contributed to the higher observed outflow TP concentration and the lower kitp
value in this treatment.
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EXHIBIT 3-39
Soil TP, TIP, and TOP Concentrations for PSTA Peat Treatments (POR)
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EXHIBIT 3-40
Soil TP, TIP, and TOP Concentrations for PSTA Shellrock Treatments (POR)
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EXHIBIT 3-41

Soil TP, TIP, and TOP Concentrations for PSTA Sand Treatments (POR)
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Section 3. Phosphorus Removal Performance and Effectiveness

Mesocosm soils represent the largest storage of P as highlighted below
assuming a 20-cm soil depth:

Peat-based soils: Based on a dry bulk density of 0.3 g/cm? and an average TP
concentration of 200 mg/kg, peat-based systems contain approximately 12 g
P/m2. In February 2001, approximately 9.1 g P/ m? was measured in the peat-
based Porta-PSTAs during destructive sampling.

e Shellrock soils: Assuming a dry bulk density of 1.3 g/cm? and an average
TP concentration of 1,000 mg/ kg, shellrock soils contain approximately
260 g P/m?2. In February 2001, approximately 267 g P/m? was measured in
shellrock Porta-PSTAs during destructive sampling.

e Sand soils: Based on a dry bulk density of 1.3 g/cm?3 and an average TP
concentration of 30 mg/kg, sand contains approximately 7.8 g P/m?2. In
February 2001, approximately 5.7 g P/m?2 was measured in sand Porta-
PSTAs during destructive sampling.

These soil TP masses were significantly larger than the small mass of TP in the
water column (approximately 0.006 to 0.012 g/m?), in the plants and periphyton
(typically less than 1 g/m?2), or the net amount removed in these test systems
during the POR (0.06 to 0.57 g P/m?). Small return fluxes of P from the meso-
cosm soils could result in net TP removal rates that are much less than the actual
gross removals by the combined actions of periphyton/macrophyte growth and
sediment accretion.

3.5.2 Periphyton Phosphorus

Total and inorganic P concentrations were also quantified in the periphyton
communities throughout the study period. Non-reactive forms of P in the
periphyton were also determined. Exhibit 3-42 summarizes these periphyton P
data by treatment and soil type. Average periphyton TP ranged from 178 to
1,440 mg/kg in the various treatments. Phase 1 and 2 shellrock treatments
reported the highest TP concentrations, with an overall average of 740 mg/kg.
Peat treatments had an average TP concentration of 448 mg/kg in the peri-
phyton mat, except for the calcium-amended treatment, which averaged

538 mg/kg. The periphyton in the Porta-PSTA limerock treatment averaged
183 mg/kg TP and 261 to 335 mg/kg in the Phase 3 limerock treatments. The
periphyton in the caprock Field-Scale treatment averaged 178 mg/kg TP. The
Phase 1 and 2 sand treatments had between 205 and 340 mg/kg TP, and the
Aquamat treatment averaged 405 mg/kg TP. The non-soil control tank grew
periphyton with an average TP concentration of 220 mg/kg.

Phase 2 destructive sampling in February 2001 further fractionated the peri-
phyton TP and determined that TP concentrations depend to some extent on the
periphyton growth habit. Benthic periphyton had the highest TP concentration
in all treatments, except the sand treatment where the wall periphyton had
higher TP concentrations.
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Section 3. Phosphorus Removal Performance and Effectiveness

Periphyton TIP was typically highest in the shellrock treatments with an
average concentration of 261 mg/kg. The peat treatments were lower at

123 mg/kg TIP, except for the calcium-amended treatments with an average of
202 mg/kg TIP. The Field-Scale limerock and caprock treatments had low
periphyton TIP (46 to 77 mg/kg), and the sand treatment had the lowest TIP
concentrations (43 mg/kg). Non-soil controls were intermediate with an average
of 139 mg/kg. Calcium-bound (non-reactive) TIP varied from 24 to 437 mg/kg
in the periphyton. The shellrock and limerock treatments had the highest
amount of calcium-bound TIP, while the sand treatments and Field-Scale
limerock and caprock treatments had the least.

A large fraction of the periphyton TP was in a labile organic form. The highest
concentration of labile organic P was found in the peat treatments, with an
average of 192 mg/kg. The shellrock treatments averaged 117 mg/kg, and the
sand treatments averaged 52 mg/kg. The Field-Scale limerock and caprock
treatments had between 28 and 55 mg/kg of labile organic P.

These results indicate that periphyton in calcium-rich waters and over calcium-
rich soils accumulate more TP than those over sandy or organic soils, which are
relatively low in calcium. Clearly, a portion of the TP is in the form of soil
particles lifted by benthic periphyton mats and re-deposited throughout the
water column as metaphyton and floating mats. However, the periphyton P was
much more available than the soil P described earlier. From 15 to 65 percent of
this TP was labile organic P, whereas very little of the TIP was labile. An
appreciable amount of the periphyton TP was in unavailable forms, both
inorganic and organic. These fractions are most likely to be accreted and can
result in long-term removal of P from the PSTA water column.

3.5.3 P Accretion Rates

Net accretion of P-bearing sediments was difficult to assess in the PSTA meso-
cosms. Benthic periphyton mats developed in most treatments and were subse-
quently lifted by gas bubble formation and redeposited or stranded at the water
surface as floating mats. Horizon markers were variably exposed and re-covered
by this periphyton mat movement and were not successfully retrieved at the
end of the study. Independent assessment of a net accretion rate was not feasible
over the time frame of this research, leaving estimation of net losses of P to
differences in water mass loads. Gross sediment accretion rates were estimated
from sediment trap data. Wet accretion refers to the unconsolidated settled
material. Dry accretion is the oven dry weight of the trapped material. TP
accretion is based on the dry weight times the TP content of the collected sedi-
ment, as summarized in Exhibit 3-43.

A large difference in the amount of TP deposited in the traps was observed
between treatments, depending on soil type. The overall average Phase 1 and 2
PSTA TP accretion rate was estimated as approximately 0.31 g TP/m?/yr, based
on an average wet accretion of approximately 1.7 cm/yr of sediments. The
average TP accretion rate for the shellrock treatments was higher at 0.51 g
TP/m2/yr . Based on field observations, a fraction of the TP deposition in the
shellrock treatments was in the form of shellrock soils that were lifted with the
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Section 3. Phosphorus Removal Performance and Effectiveness

benthic periphyton mat and then re-deposited as sediments. The average TP
deposition rate was lower in the smaller Phase 1 and 2 peat-based mesocosms
(0.14 g/m?2/yr), and was even lower in the sand-based controls (0.04 g/m?2/yr).
The Aquashade control mesocosms had TP sedimentation rates approximately
equal to the peat-based mesocosms with 0.17 to 0.20 g TP/m/yr. The non-soil
controls had slightly higher wet accretion rates (average 2.4 cm/yr) and
relatively low TP accretion rates (0.09 g/m?2/yr).

The sediment accretion rates estimated in the Phase 3 FSCs were similar to or
higher than those measured in the smaller PSTA test systems. The average wet
accretion rate ranged from about 1.4 to 3.5 cm/yr and the dry accretion was
higher than measured in the smaller systems (average 1,562 g DW/m?2/yr in
Phase 3 compared to an overall average rate of 592 g DW/m?2/yr in the Phase 1
and 2 systems). The average TP accretion rate in the FSCs during Phase 3 was
0.52 g/m?2/yr.

3.5.4 Effects of Snail Grazing

High snail populations were not observed in the three PSTA Test Cells or FSCs,
but snails were a dominant grazer in a subset of the Porta-PSTA mesocosms. In
these systems, snails did not have a consistent effect on average periphyton
biomass measured with cores; however, they did have an apparent effect on the
average outflow TP concentration and on the net TP removal rate k;

(Exhibit 3-44). At an average snail density greater than approximately 30 per m2,
the long-term outflow TP concentration was typically increased by approxi-
mately 1 to 3 pg/L.

The effect of snail density on average TP ki values was consistently detrimental.
In PP-6 (shellrock with variable HLR), the k; value decreased by 40 percent at a
snail density of 37 snails/m?2 and by 12 percent at a snail density of 52.3 snails/
m2. In PP-5 (deep shellrock with high HLR), ki was reduced by approximately
46 percent at a snail density of 21.2 snails/m?2. In PP-16 (shellrock with variable
HLR), with a snail density of 32 snails/m?, the ki value was reduced by 25 per-
cent. Between the two sand controls (with different depths), a snail density of
93.6 snails/m? reduced ki by 52 percent.

Differences in snail density between the Porta-PSTAs appear to have been
related to stochastic effects. Because of a lack of visual observations or counts of
fish and birds, the lack of a snail population increase in the Test Cells and FSCs
was assumed to be related to the ability of larger predators (birds and larger
fish) to better manage snail populations as a result of the larger mesocosm scale.
Therefore, snails are not likely to be a nuisance in a full scale system. This
assumption requires further study and verification.

3.5.5 Groundwater Phosphorus Losses

Based on water balance information discussed in Section 1, the Field-Scale
PSTAs had significant exchange of water with the surficial groundwater and
adjacent surface waters. Shallow groundwater levels and phosphorus concen-
trations were routinely measured to quantify the magnitude of mass transport
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EXHIBIT 3-44
Effects of Snail Density on Periphyton Biomass, Average TP Outflow Concentrations, and k Values for Phase 1 and 2 Porta-PSTA Treatments

Average Average Periphyton
Snail Density Ash-Free Dry Weight Average TP Out Kk

Treatment Soil Porta-PSTA Tank  (#/m?) (g/m?) (mglL) (mlyr)
PP-1 PE 9 17 617.6 0.014 7.9
1 0.8 500.9 0.021 -1.2
18 3.1 555.2 0.018 1.7
PP-2 SR 4 2.5 163.1 0.016 8.2
7 0.2 226.4 0.017 6.0
8 2.3 134.4 0.018 2.2
PP3 PE 12 29 43172 0.019 8.3
14 2.1 257.7 0.014 16.5
17 9.6 536.1 0.020 6.2
PP-4 SR 3 1.9 112.1 0.016 13.5
5 2.2 131.8 0.016 13.1
10 7.5 110.0 0.017 10.9
PP5 SR 2 3.0 1474 0.019 109
13 21.2 109.1 0.019 9.1
16 0.1 177.8 0.016 17.0
PP-6 SR 1 37.0 118.8 0.019 3.6
6 52.3 117.3 0.017 5.3
15 0.0 126.4 0.016 6.0
PP.7 SA 19 0.5 1488 0.017 105
PP-8 SA 20 93.6 182.7 0.020 -0.6
PP.§ PE (AS) 21 0.9 9571 0.019 55
PP-10 SR (AS) 22 0.1 170.8 0.016 9.5
PP-11 SR 23 5.1 1313 0.020 7.3
PP-12 PE 24 12.5 362.6 0.020 7.2
PP-13 PE (Ca) 9 i5 1785.8 0.020 148
1 1.8 446.4 0.017 18.3
18 0.0 889.6 0.020 11.3
PP-14 LR 4 2.3 113.7 0.013 25.3
7 2.5 138.2 0.017 172
8 2.3 93.5 0.017 16.9
PP-15 SR 2 1.8 243.1 0.018 15.4
13 6.7 3244 0.019 12.4
16 2.2 90.3 0.016 15.2
PP-16 SR 1 32.2 173.7 0.017 19.2
6 3.5 122.8 0.019 29.1
15 3.2 191.9 0.016 22.4
PP-17 SA (HCI) 20 12.5 191.9 0.014 20.9
PP-18 None 21 NS 287.4 0.017 17.9
PP-19 AM 22 NS 174.7 0.015 20.3
Notes:

Mesocosm Treatments: PP = Porta-PSTAs
Substrate: PE = peat, SR = shellrock, LR = limerock, SA = sand, None = no substrate, AM = Aquamat, AS = Aquashadt
NS = not sampled
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Section 3. Phosphorus Removal Performance and Effectiveness

of TP from the Field-Scale PSTAs to the surrounding ground water. Unfor-
tunately, some of the net water losses were also to adjacent surface waters, as
PSTA water was observed to penetrate the limestone levees and appear as
surface seepage. Attempts at internal flow measurements were unsuccessful so
the spatial quantification of flow losses could not be made with certainty. For
purposes of model parameter estimation discussed earlier in this section, it was
necessary to assume uniform leakage over the entire area of the Field-Scale
PSTA cells.

The overall average TP measured in shallow groundwater in and around the
Field-Scale site was 16.5 pg/L compared to an average TP input concentration to
the PSTA cells of approximately 24 pg/L and an average surface outflow
concentration for all four cells of 19 pg/L. TP concentrations in shallow wells
within the FSCs (average=16.8 pg/L) were similar to concentrations in the
surrounding wells (average=16.3 pg/L). There were no clear trends of in-
creasing TP concentrations in any of the wells, except for the FSC-4 internal well
during the 14-month period-of-record. TP concentrations in the FSC-4 center
well increased from approximately 11 to 35 pg/L during the 14-month opera-
tional period. These data indicate that TP concentrations may be slightly
reduced upon entry of surface water into the shallow groundwater, but that
additional attenuation does not appear to occur within the immediate vicinity of
the PSTA cells.

3.6 Summary of PSTA Effectiveness

In summary, this project has adequately demonstrated that constructed PSTAs
have the capacity to reduce concentrations of TP from agricultural drainage
waters to concentrations approaching 10 pg/L. Key findings of this work are
that a thorough knowledge of antecedent soil TP loads and availability are of
primary importance for predicting PSTA performance and, for a given amount
of available soil, TP mass removal is closely tied to mass loading.

Specific conclusions from this project relevant to the effectiveness of constructed
PSTAs for TP reduction include the following:

e Under the study conditions, the minimum achievable outflow TP concen-
trations from PSTA test systems constructed on shellrock soils were approxi-
mately 11 to 12 pg/L (during 2 years of operation). The lowest long-term
average TP outflow concentrations were 17 ug/L on peat soils, 15 pg/L on
sand soils, 11 pg/L on acid-rinsed sand soils, and approximately 14 to
15 ng/L on limerock soils, on scraped-down caprock, and in non-soil
controls. The conclusions drawn from the Field-Scale PSTAs remain pre-
liminary; it appears that these systems are still maturing, and it is possible
that lower average TP concentrations may yet be attainable.

e TP removal rate constants generally increased following 3 to 5 months of
startup to relatively high levels during the first year of operation. TP removal
rates remained high in shellrock PSTA mesocosms for at least 32 years of
operation, but were variable or declined in peat mesocosms during the
second and third years of operation.
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e Antecedent soil type and conditions appear to have an effect on P’ removal
performance during startup and during continuing operation for at least
3Y2 years. Labile reactive P in antecedent soils results in reduced perfor-
mance and higher TP outflow concentrations. Batch-mode studies indicated
that internal TP loading mechanisms are still active with the peat soil types
tested even after 1 year of operation. This internal loading is likely respons-
ible for the finding of a “glass floor” for TP outflow concentrations under the
conditions of this PSTA research project.

e Higher TP loading rates resulted in higher TP mass removal rates with a
related rise in average outflow concentrations. This finding indicates that
mass load removals could be maximized if higher outflow concentrations
were allowable.

e The scale of the PSTA research mesocosms may have had an effect on
observed TP outflow concentrations and k values. Performance estimates
from smaller-scale mesocosms may be overly optimistic compared to results
from larger-scale treatment units. This finding leads to the conclusion that
large-scale PSTA test systems (Test Cells and FSCs) should be prioritized for
continued testing over work in smaller mesocosms.

e Increased outflow TP concentrations and variable removal rate constants in
the Aquashade control mesocosms demonstrate the complex details related
to P cycling in these PSTA test units. While high photosynthetic activity may
be important for lowering TP to the lowest achievable concentrations, the
presence of macrophytes, and to a lesser extent periphyton, may also slightly
lower the net TP mass removal rate by increasing internal P recycle.

e TP accretion rates are generally comparable to net TP removal rates esti-
mated by inflow-outflow mass balances. Wet accretion represents an aver-
age of approximately 2 cm/yr. Actual accreted sediments would be less than
this amount, providing a preliminary indication that as long as adequate
levee free board is provided, harvesting to remove accumulated sediments
would not be required during the expected project life (>50 years).

These results indicate that PSTAs can be designed to remove TP from agricul-
tural waters at low inlet TP concentrations typical of post-STA waters. Peri-
phyton-dominated systems on substrates with low levels of labile P are able to
achieve average outflow concentrations of 11 pg/L or less. However, net removal
rate constants are not high at low inlet loading rates. This indicates that these
periphyton-dominated treatment systems will require large land areas to achieve
very low outlet TP concentrations.

By necessity, this research project has had a limited duration. For this reason,
the long-term effectiveness of PSTAs for P management has not yet been fully
proven. Some trends indicate that treatment performance may improve over
time, especially if antecedent soils have low concentrations of labile P. Other
data indicate that on organic soils that have a prior history of farming and ferti-
lization, many years may be required to exhaust pre-existing P storages and
fully integrate that P into newly-accreted periphyton residuals.
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SECTION 4

PSTA Forecast Model,
Conceptual Design, and
Sustainability

4.1 Introduction

The PSTA Research and Demonstration Project has determined
that periphyton-dominated mesocosms can remove TP from
surface water inflows to relatively low outlet concentrations,
comparable to or less than observed for any other non-chemi-
cal, advanced treatment technology alternative. However,
because of the limited timeframe and scale of PSTA research
facilities, the current assessment of sustainability of this
removal performance and the overall cost of implementing and
operating full-scale PSTAs remains preliminary.

This section provides the rationale and conceptual design of a
full-scale PSTA for stormwater treatment of P. The basis of this
conceptual design is performance forecasting using a model
calibrated with data collected during the Phase 1 and 2 PSTA
Research and Development Project. Because of the project
scope and schedule, the PSTA conceptual design was com-
pleted prior to Phase 3 results being available (Field-Scale
PSTA cells). This section updates the PSTA conceptual design
published earlier in the Phase 1 and 2 report (CH2M HILL, July
2002) by also considering the Phase 3 findings.

The PSTA conceptual design formed the basis of a PSTA
Supplemental Technology Standards of Comparison (STSOC)
analysis to allow comparison of PSTA to other potential
Advanced Treatment Technologies (ATTs). In addition to
determining a realistic PSTA “footprint” and a cost estimate for
construction and operation of a full-scale PSTA, the STSOC
analysis requires consideration of issues related to sustaina-
bility. Sustainability refers to the “maintenance of function over
a long time period” and specifically, the “continuing capability
to remove and store P in a stable form” (Kadlec, 2001d).

To be considered sustainable, PSTAs must have the following
characteristics:
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e They must be able to consistently lower average concentrations of TP to
levels protective of downstream environments for a long enough period to
justify their implementation (capital and O&M) costs.

e Their ecological succession must be predictable enough to anticipate how
often macrophyte management will need to occur.

e They must retain stored P in forms that will not create unpredictable future
releases under foreseeable conditions of system dryout and flooding.

e They must not create short- or long-term internal or downstream nuisance
conditions that will offset their beneficial P removal performance.

At this point in time, estimates of PSTA sustainability must be based on a
combination of forecast modeling using computer-generated extrapolations
from the existing database, from review of information from other research,
including periphyton-dominated systems that are ecologically mature, and from
the results of the PSTA STSOC. Current evidence concerning PSTA
sustainability is summarized in this section along with a description of the PSTA
Forecast Model and the results of the STSOC analysis.

4.2 PSTA Performance Forecasting

Computer models provide a useful tool for gathering information that cannot
otherwise be obtained from experiments. The timeframe of the EFA and the cost
of experimentation have required the construction of performance forecasting
models of all of the “green” ATTs. These models are grounded on the best data
that are available and are constructed to answer questions about performance
and sustainability while incorporating the maximum complexity that can be
supported by the data. Highly complex models with numerous state variables
cannot be supported by the data and have been found to have limited use-
fulness for performance forecasting. Simpler models with three to four state
variables are being used for modeling of dynamic STA responses. The PSTA
Forecast Model is similar in model structure and complexity to the Dynamic
Model for Stormwater Treatment Areas (DMSTA) being constructed as a
platform for comparing all of the “green” P treatment technologies (Walker and
Kadlec, 2000).

The DMSTA model is applicable to PSTA and provides a relatively accurate
description of the observed P removal performance. However, the DMSTA
model does not include key ecological components of importance to specific
ecosystem-based technologies. For example, the DMSTA model provides no
indication of the amount of organic matter that accumulates because of the
primary productivity of green treatment systems and does not include the
seasonal influence of solar radiation —one of the principal external energy
inputs driving processes in treatment wetlands. Understanding the carbon-
based storages in addition to P is important in foreseeing management issues
that will arise as green technologies mature.
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Section 4. PSTA ‘Forecast Model, Conceptual
Design, and Sustainability

4.2.1 PSTA Forecast Model Description

Methods for forecasting PSTA operation and performance range in complexity
from single- to multiple-parameter models. One- and two-parameter model cali-
bration results (ki and k-C" models) were presented in Section 3. In addition, a
“Level 2” PSTA Model was developed using a Microsoft® Access platform and
was partially calibrated to provide a more complete and mechanistic method for
performance forecasting. This interim model was prepared to provide insight into
the ongoing PSTA research but was subsequently deemed to have more com-
plexity than could ultimately be supported by experimental data generated by
this study. The interim model was described in the PSTA Research and
Demonstration Project 5t Quarterly Report (CH2M HILL, January 2000).

The final PSTA Forecast Model uses Microsoft® Excel as an operating platform
rather than Access. This change was made to widen the audience that could use
the PSTA Forecast Model for assessing expected performance. The Phase 2
PSTA Forecast Model includes the following modifications from the “Level 2”
Access model described in earlier project reports:

¢ Inclusion of external forcing functions to provide the best understanding of
processes that control the natural periphyton-based treatment system,
including sunlight (seasonally variable), rainfall (both direct and through
stormwater inputs), and atmospheric inputs/outputs (ET and atmospheric P
loads).

e Simplification of the Level 2 model to include only predictions of TP data.
e Addition of a more dynamic water balance with stage-storage relationships.

e Consideration of human management influences (construction of landform,
water pumping and depth control, biomass removal, maintenance, and
related actions).

4.2.2 Data Sources

Data from three South Test Cells for the 24-month operational period were used
to calibrate the final PSTA Forecast Model. Each of these cells had a wet foot-
print of approximately 0.2 ha. The Porta-PSTA mesocosms were not used for
model calibration because of their relatively small scale and because of the
multitude of treatment variables. Those datasets could be used for model
validation in the future, if desired. The Field-Scale PSTAs commenced opera-
tions in the summer of 2001. Data from these systems as well as supplemental
data collected from the PSTA Test Cells will also provide an opportunity for
future validation of the model calibrated using the PSTA Test Cell data. How-
ever, because of scope and budget constraints, no additional model calibrations
or validations were conducted by CH2M HILL under Phase 3.
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4.2.3 Model Construction

Exhibit 4-1 presents a diagram of the PSTA Forecast Model along with the major
state variable equations and definitions of variables. The model consists of four
principal component storages:

water (W)

TP in the water column (PW)
periphyton biomass (B)

TP in the biomass (PB)

In addition, an initial storage of labile P (Pr) is included to allow simulation of
startup releases of TP from pre-existing soils and decaying vegetation. Each of
these state variables is described in detail in the following paragraphs.

Exhibit 4-2 summarizes the equations used to calculate each pathway or storage
component and identifies the data sources that are available for model calibra-
tion.

4.2.3.1 Water Column (W)

The water column component is represented by a general water balance equa-
tion. The water “state” at any time is the difference between the sum of the flow
inputs (pumped inflow and precipitation) and outputs (flow over the weir, ET,
and groundwater exchange).

For model calibration, the pumped inflow and outflow over the weir were
measured in the field. Precipitation data were provided by the District using on-
site rain gauges. District ET data were utilized for estimates of this water loss at
the PSTA research and demonstration site. No groundwater interactions were
expected for water budgets for the PSTA Test Cells because all of these PSTA
mesocosms are lined.

The final PSTA Forecast Model utilizes a single well-mixed tank hydraulic
framework. This is based on the single-cell configuration of all of the PSTA
research test units. Actual tracer data from the Phase 1 and 2 PSTA mesocosms
indicated that their tracer residence time distributions could be best described as
between 1.4 and 4.1 tanks-in-series (TIS). A 1.8 TIS model was constructed and
tested. It was found that this model framework did not provide a better fit to the
actual operational data than the single well-mixed tank model.

Based on treatment wetland theory, it is currently assumed that higher per-
formance is likely at higher numbers of TIS (Kadlec and Knight, 1996; Kadlec,
2001b). This theoretical potential for PSTA performance enhancement was not
apparent in Phase 1 and 2 treatment comparisons, though measured hydraulics
improved during that period in the PSTA Test Cells. For this reason, the PSTA
Forecast Model platform was not re-built to allow testing of multiple TIS. How-
ever, the existing DMSTA model platform with the PSTA Forecast Model equa-
tions was used for the sensitivity analysis of TIS and PSTA performance as
described later in this section. The most recent PSTA data analyzed in Section 3
for the FSCs lends some initial support to the theory of performance
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PSTA Phase 2 Forecast Model Diagram

W, Patm

Win ———»

Pin

P

Wet
W (WATER) ——————» Wqy,
» Pout
B (BIOMASS)
—— > b,

P L Wow

(labile P)

v
\7V= Win = Woyt + Wy = Wet - Wgy,
Pw =" Pin-Pout * Pam = Pu* Pr - Pgu + P
B= by-b,-b-b,
Ps= Pu-Pr-Pa-Pe
PL= -p

\7V = water state variable
Win = pumped water supply to system
Wout = measured outflow from system
W, = rainfall
Wet = evapotranspiration
Wqw = groundwater flow

B = biomass (ash-free dry weight) state variable
by = biomass growth rate

b, = biomass respiration rate

be = harvested biomass export rate

b, = biomass accretion rate

P.w = TP in water column state variable

pin = aerial loading rate of TP to water column
Pout = TP in outflow from system
Patm = bulk atmospheric deposition of TP

pu = TP uptake by biomass

pr = TP returned from biomass to water column
Pgw = TP in groundwater

P_ = Labile TP state variable
pi = TP input from initial labile storage

ISB = TP in biomass state variable
pa = TP accretion in sediments
pe = TP exported with harvested biomass
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EXHIBIT 4-2
PSTA Forecast Model State Variables, Coefficients, and Definitions

Variable Calculated as 1° Units __|Description
A = Wetted area m? PSTA footprint area
w = Wiggar + Walt m water
V.V = Win = Woyt + Wr - Wet - Wgy m/d water rate of change
Win = Qn/A m/d pumped inflow
Wout = Qour/A m/d water out
W, = Rain m/d rainfall
Wet = ET m/d evapotranspiration
Wow = seepage rate m/d groundwater exchange
Pw = (Pu_inita + Pudt)W gTP/m®  |water column TP
Pw = Pin - Pout * Patm - Pu* Pr - Pgw+ Pi gTP/m%d |water column TP rate of change
Pin = (Cin*Qn)/A gTP/m%d |TP in pumped inflow
Pout = (Pw * Qout)/A gTP/m%d |TP in surface outflow
Patm = Carm * Rain gTP/mZ/d bulk atmospheric deposition
Pu = kyPw*B gTP/m%d |TP uptake by biomass
pr = b, * Pg/B gTP/m2/d TP returned to water column from biomass/sediments
Pgw = Pw "Wy, gTP/m%d |TP in groundwater exchange
pi = kPL gTP/m%d |TP input from initial labile storage
B = By + Bdt g AFDW/m? |Biomass (ash-free dry weight)
B = bg-Dbqg-be- b, g AFDW/m?/d |Biomass rate of change
by = kg™ (M(ksi + 1)) * (Pw/(ksp + Pw)) * B g AFDW/m?/d [biomass growth
b, = k *B? g AFDW/m?/d |biomass respiration rate
be = HB g AFDW/m?/d |biomass harvest
ba = ka*B g AFDW/m?/d |biomass accretion
H = user defined 4’ harvesting coefficient
Ps = Ponua + Padt gTP/m?  |TP in biomass
Ps = Pu-Pr-Pa-Pe gTP/m%d |TP in biomass rate of change
Pu = ksPw*B gTP/m%d |TP uptake by biomass growth and luxury uptake
pr = b, *Pg/B gTP/mZ/d TP returned to water column from biomass/sediments
Pa = b, * Pg/B gTP/m%d |TP in accreted biomass
Pe = b, * Pp/B gTP/m?d |TP exported in harvested biomass
PL = Pl * Put gTP/m? |lnitial labile TP
PL = -p gTP/m%d |Labile TP rate of change
Pi = kP gTP/m%d |TP input from initial labile storage
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EXHIBIT 4-2

PSTA Forecast Model State Variables, Coefficients, and Definitions

Variable Calculated as [ 1°Units | Description
Kg = d’ biomass growth rate
Ksi = E/m%d |half saturation constant for PAR
Ksp = gTP/m®  |half saturation constant for water column TP
ke = mzlgAFDW/d biomass respiration rate constant
Ka = d’ accretion rate constant
Ky = m>/gAFDW/d |periphyton luxury uptake constant
ki = d" P release from labile storage rate constant
Kytp = (patpPe-p1)/Pw*365 mly TP net settling rate
Qin m’d  |inflow
Qout m’/d outflow
Rain m/d rainfall
ET m/d evapotranspiration
Weir Ht. ft weir height
Cintp mgTP/L  |TP inflow concentration
Camre mgTP/L  |TP in rainfall
| (PAR) E/m?/d photosynthetically active radiation
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enhancement at higher numbers of TIS. Thus, the conclusions developed below
with the DMSTA model take on an enhanced credibility compared to earlier
Phase 1 and 2 conclusions.

Water outflow in the PSTA Forecast Model is based on the weir design. The
model provides either a horizontal or a v-notch weir. The v-notch weir expres-
sion was used to calibrate the model with data from the PSTA Test Cells. The
horizontal weir with variable width was used for simulation of larger-scale
PSTA systems.

4.2.3.2 Water Column TP (P,)

TP in the water column is described as the concentration resulting from the net
effects of the inflow and outflow concentrations, bulk atmospheric deposition,
uptake by the biomass, losses to groundwater, and a return from sediments and
biomass. Because this is a single, well-mixed tank model, Pw is equivalent to the
outflow TP concentration.

For calibration, inflow and outflow TP concentrations were directly measured as
part of routine monitoring. Bulk atmospheric P deposition was assumed to be
equivalent to 17.64 pg/L (wet P =10 pg/L and dry P = 10 mg/m?/yr). Uptake of
TP by biomass was derived from dry weight measurements of TP from algae
and macrophyte samples. The return from sediments and biomass was estima-
ted during the calibration process.

4.2.3.3 Biomass (B)

The biomass component consists of the AFDW (total organic content) of the
benthic periphyton mat, epiphytic algae, tychoplankton, and detritus.
Macrophytic plants are not explicitly included in the model because of the
inherent variability of their populations and the limited resources devoted to
their measurement. The biomass state variable depends on periphyton growth
and respiration rates, algal export from the system measured as TSS, and
accretion of algal solids in the detrital layer.

Periphyton growth is calculated as a function of incident solar radiation (I)
using a Monod (Michaelis-Menten) expression, water column TP concentration
with a Monod expression, and periphyton biomass. Periphyton respiration is
modeled as a quadratic drain (proportional to the periphyton biomass squared).
A linear (first order) expression was initially used but found to result in model
instability. The quadratic expression has been found to be an effective model to
describe growth of a variety of ecological plant communities.

Periphyton accretion is a first order expression based on the total periphyton
biomass. Periphyton export only includes periphyton removed by harvesting.

4.2.3.4 Biomass TP (P)

TP in the biomass depends upon uptake from the water column, internal
recycling, and losses to respiration (back to the water column), accretion of
biomass, and export of biomass in the outflow water. Measured effluent
concentrations for TSS were used to derive the export rates.
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Periphyton TP uptake is proportional to the product of the water TP (Pw) and
the amount of periphyton biomass (B). TP lost as a result of periphyton respira-
tion is proportional to the product of the periphyton decay rate multiplied by
the concentration of TP in B. The TP accretion rate and export rate are both
based on the same relationship.

4.2.3.5 Labile TP Storage (P)

Startup data from most of the PSTA mesocosms indicated that there were initial
storages of labile TP in the antecedent soils that entered the water column upon
flooding. These initial storages are modeled as a tank that is initially full of TP
with a single outlet to the water column. This addition to the model helps dupli-
cate the startup behavior observed, not only at the beginning of the project, but
also at the mid-point of the project when the sediments in the peat-based PSTA
Test Cell were highly disturbed.

4.2.3.6 PSTA Dry-out

PSTA Test Cell 3 (treatment STC-3/6) was operated in a periodic dry-out mode
to determine the effects of periphyton dry-out on a large scale. The PSTA
Forecast Model was found to be unstable as water levels declined to near dry-
out conditions. For this reason, it was decided to incorporate some logic
switches to capture the main effects of dry-out. Two types of switches were
included in the model. The first reduced the rates of biomass growth and decay
by 90 percent when water depth fell below 1 cm. The second switch stopped
calculating Pw when water levels were less than 15 cm. This switch was
necessary to prevent mathematical integration problems associated with zero
values.

4.2.4 Coefficient Estimation

As shown in Exhibit 4-2, the following 7 adjustable coefficients are required by
the model:

e kg (d?)periphyton biomass growth rate constant
e ki (E/m?2/d) half saturation constant for solar radiation I (PAR)

e ke (g TP/m3) half saturation constant for periphyton uptake of water-
column TP

e k/(m2/g AFDW/d) periphyton biomass respiration rate constant
e  ka(d?) periphyton biomass accretion rate constant

e ky(m3/g AFDW/d) periphyton TP uptake rate constant

e ki(d?) TP release rate constant from labile storage

PSTA mesocosm data were analyzed to develop preliminary estimates for some
of these parameters. Only the shellrock treatment data were reviewed for this
range-finding effort.
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These correlations were found to be unsatisfactory for precise model calibration
(see below). While they provide an initial understanding of the strengths and
weaknesses of relationships between model variables, these data were not
collected from experimental treatments where all variables except one were
controlled. For this reason, final calibration of the PSTA Forecast Model used the
Excel Solver routine to adjust all coefficients at one time to minimize the sum of
squares for all of the major state variables simultaneously.

4.2.4.1 Biomass Growth Rate ( Eg)

Biomass growth partially depends on the amount of biomass already present in
the system at any given time. Measures of photosynthetic activity, such as GPP,
provide insight into the rate at which the biomass community is growing. GPP
estimates in units of DO change (g O»/m?2/d) have been converted to ash-free
dry weight by multiplying by a factor of 2x.

Regression analysis of monthly average values for GPP and total biomass in all
of the shellrock treatments showed no clear correlation between these two
parameters. This correlation suffers from the fact that many factors other than
biomass and GPP vary during the operational period. However, for model
calibration, the slope of the regression line provides an initial value for kg of
0.0178 d-1.

4.2.4.2 Half Saturation Constants for PAR and TP

The rate of biomass growth is also partially limited by solar radiation (i.e.,
photosynthesis) and the availability of nutrients. The PSTA Forecast Model
assumes that both light and nutrient availability follow the Michaelis-Menten
model, which implies that reaction rates increase with substrate concentration
until a maximum reaction rate is approached. At that point, the addition of
substrate no longer affects the reaction rate. The half saturation constant des-
cribes the substrate concentration required for the reaction to proceed at half its
maximum rate.

Regressions of average monthly relationships between GPP and PAR in the
shellrock treatments were prepared to provide a preliminary estimate of the
light half-saturation constant. The reciprocals of GPP and PAR were plotted to
linearize the Michaelis-Menten relationship. Datasets that follow the Michaelis-
Menten equation plot as a line with a positive slope and a negative x-intercept.
The value of the half saturation constant is given as -1/x-intercept. The average
value of the half saturation constant for PAR, ks, was 84.5 E/m?2/d. This value
was used as a starting point for model calibration.

A similar regression was used to provide a preliminary estimate of the recipro-
cals of GPP and water column TP concentration in shellrock treatments. No
clear Michaelis-Menten relationship was apparent for these data. The range of
observed water column TP concentrations has probably not been wide enough
to show the assumed limiting effect of TP on biomass growth. A value of

0.0 mg/L was used for the initial half saturation constant for TP (ksp).
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4.2.4.3 Biomass Respiration Rate (k)

Operational data were also used to develop a regression between biomass and
CR in the PSTA shellrock-based treatments. There was no apparent correlation
observed between these two parameters. However, because the model was
found to be very sensitive to k; and the CR rate, it was decided to use a quad-
ratic drain to model this process. CR measurements were used to approximate
the decay rate of biomass in the mesocosms. The slope of the regression line
(0.0001 d-1) was used as the initial model value for k..

4.2.4.4 Biomass Accretion Rate (k)

The rate of biomass accretion (ka) at the sediment/water interface was not
directly measured during the PSTA research. Horizon markers could not be
recovered after an 18-month operational period. Sediment traps were used to
estimate total accretion, but these values were a better representation of gross
accretion than net accretion. Because no direct measure of net biomass and TP
accretion was possible, this rate coefficient was estimated through the model
calibration described below.

4.2.4.5 Periphyton Luxury Uptake Rate Constant (kRu)
The rate of P uptake by the periphyton was not directly measured. Therefore,
this model parameter was estimated through the calibration described below.

4.2.4.6 Release Rate Constant From Labile Storage (k)
This rate coefficient was estimated through the model calibration described
below.

4.2.5 Model Calibration

The PSTA Forecast Model was calibrated using POR and OPP data from the
three PSTA Test Cells. These systems were operated for slightly more than

2 years. The POR was approximately March 1999 through March 2001. The OPP
varied slightly for the three PSTA Test Cell treatments. For treatment STC-1/4
(peat), the OPP included data from July 1999 through January 2000 and from
July 2000 through March 2001. For STC-2/5 (shellrock, constant water regime)
and STC-3/6 (shellrock, variable water regime), the OPP used for calibration
was July 1999 through March 2001.

The PSTA Forecast Model was calibrated separately for the three test systems
because of their very different soil types and water regimes. Test Cell 8 (treat-
ments STC-2/5) provided a dataset for a shellrock-based PSTA with stable water
levels. Test Cell 3 (treatments STC-3/6) represented a shellrock PSTA with
fluctuating water depths, including dry-out. Test Cell 13 (treatments STC-1/4)
data were applicable to a PSTA built on organic soils with high antecedent soil P
concentrations.

Calibration was conducted as a preliminary fit of the actual and model data
using the rate constants described above. Goodness of fit was determined by
calculating the sum of squares of differences between individual records of Pw,
Pout, kitp, B, Ps, Ps/B, bg, by, and W. The Solver routine in Excel was used to
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automatically optimize adjustable coefficients to provide the lowest total sum of
these individual sums of squares. POR and OPP average values for the actual
data and the model were also calculated and referred to during model cali-
bration. Various calibration runs were performed with differing groups of input
parameters being varied. Effects of individual and grouped input parameters on
each state variable were examined, and final parameter selection was based on
the best overall fit to all of the state variables in the model.

Exhibit 4-3 illustrates a representative PSTA Forecast Model calibration sheet for
Test Cell 8 (shellrock, constant water depth). Comparisons between predicted
and actual measured data are summarized with regression coefficients (R?). An
accompanying sheet was used to overlay model and actual values for a visual
assessment of goodness of fit (Exhibit 4-4). The ability to correlate the model
output to actual data from multiple measured parameters provided significant
power in calibration.

Exhibits 4-5 through 4-7 illustrate calibrated model fits for each of the three
PSTA datasets for the POR datasets. Comparisons between actual data and
model output are shown for W, TPou, kitp, and bg. All of the general trends in
the actual data were reasonably well simulated by the PSTA Forecast Model.

Exhibit 4-8 provides values for all of the adjustable coefficients and initial
conditions for each of the calibration datasets for both the POR and for the OPP.
A relatively small range in calibrated model coefficients was found between the
three PSTA Test Cells. There were noticeable changes between the calibrations
for the POR and the OPP.

4.2.6 Sensitivity Analysis

Exhibit 4-9 provides the results of a sensitivity analysis of the adjustable coeffi-
cients for the shellrock test cell (Test Cell 8 OPP). Each coefficient was tested at
one-half and at twice its calibrated value. The coefficients that consistently
resulted in the largest changes in kirp and TPou: were ky and k.. The biological
state variables and rates of productivity and respiration were also most affected
by changes to the biomass growth and respiration rates (kg and k;, respectively)
and the light half saturation constant (ks;).

4.2.7 Model Simulations

4.2.7.1 Effects of Different Forcing Functions

The PSTA Forecast Model calibrated to the shellrock test cell (Test Cell 8) OPP
data has been tested for five general operational/ management alternatives.
These include the following hypothetical scenarios:

e PSTAs constructed on a leaky site with a vertical leakage rate of 0.02 or
0.04 m/d

e PSTAs receiving a steady inflow TP concentration of 100 ppb
e PSTAs receiving a steady inflow TP concentration of 50 ppb
e PSTAs with a harvest rate (H) of 0.001 d-!

e PSTAs with a harvest rate of 0.0001 d-!
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